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Cells are unable to build the vasculature necessary to keep up with rapid proliferation 
associated with tumor formation. The distribution of nutrients throughout a tissue, as well as the 
removal of waste products produced by the cells in that tissue, relies on mass transport from 
vasculature to distal regions in the tissue. In poorly vascularized tissues, such as rapidly 
proliferating tumor masses, each of these gradients is highly exaggerated and can result in 
regions of low oxygen tension (hypoxia), nutrient starvation, and low extracellular pH. Cancer 
cell adaptation to these extracellular environments results in cell populations with highly 
aggressive phenotypes capable of evading therapies.  These cancerous cells commonly adopt an 
invasive phenotype that enables invasion into healthy neighboring tissues, which increases the 
likelihood of the eventual formation of metastatic sites.   
To evaluate cellular invasion in tumor-like environments, a variety of in vitro platforms 
have been developed. In this work I highlight other assays developed and describe the 
development of a paper-based assay to study cellular invasion in tumor-like microenvironments.  
This work demonstrates the versatility of paper devices through an adaptation of the commercial 
Transwell assay and by designing an invasion assay that is compatible with real-time imaging of 
cellular movement and gradient formation. This adaptation I used, employs a single sheet of 
paper, which was wax-patterned to contain paper channels that fluorescently labeled cells could 
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be cultured in. This setup not only provided a technological advance, but provided biological 
insight into cellular responses to gradients by showing that MDA-MB-231 cells selectively 
invaded regions of higher oxygen tension in hypoxic cultures.  
To monitor the microenvironment, I designed and fully characterized an optical pH 
sensing film compatible with this platform that enables continuous mapping of the pH gradients 
that form across the cell-containing channels. I combined this sensing film with a luminescent 
oxygen sensor previously developed in the lab, to generate a dual sensing optode compatible 
with paper-based cultures. I used this dual sensing optode to relate spatiotemporal gradients of 
oxygen and pH to cell invasion within tumor-like environments. I found that cell invasion differs 
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CHAPTER 1 – 3D CELLULAR INVASION PLATFORMS: HOW DO PAPER-BASED 
CULTURES STACK UP?1 
1. Introduction 
Cellular movement is essential for the development and maintenance of healthy tissues.1 The 
potential for cellular movement is also a key factor in determining a cancer patient’s prognosis, 
specifically the ability of cells in a primary tumor to initiate metastasis by invading neighboring 
tissues. Cancer metastasis, the formation of secondary tumors at distant sites in the body, is the 
greatest contributor to cancer-related deaths each year.2 To illustrate the cascade of events that 
result in cancer metastasis we focus on carcinomas, sites of abnormal cellular proliferation that 
originate on the epithelial side of the basement membrane (Figure 1).3 These growths are 
considered benign if the cellular mass does not cross the basement membrane; malignant if it 
breaches this membrane and invades the neighboring stroma; and metastatic if the invading cells 
form a secondary tumor site.4 
Before carcinoma cells invade neighboring tissues they undergo an epithelial–to–
mesenchymal transition (EMT), the replacement of proteins supporting tight junctions between 
epithelial cells with scaffolding proteins that assist with movement.5-7 The mesenchymal cells 
sever contacts with the extracellular matrix (ECM) and release proteases that remodel the 
surrounding tissue. Invasion is directed by gradients of signaling molecules and abiotic factors 
such as oxygen,8-12 both of which are plentiful in the blood vessel-laden stroma. To form 
                                                 
1 This chapter previously appeared as a feature article in the Journal of Chemical Communications. The original 
citation is as follows: R.M. Kenney, C.C. Lloyd, N.A. Whitman, and M.R. Lockett (2017). 3D cellular invasion 




secondary sites, cells enter the vasculature by breaching the layer of endothelial cells that line 
either blood or lymphatic vessels (intravasation). Cells that survive the shear stresses that arise 
from fluids moving through this vasculature have the opportunity to colonize new regions of the 
body. Gradients of protein-based signaling factors, ligand/receptor interactions between the 
vascular endothelial cells and the traveling cancer cells, or entrapment in narrow blood vessels 
dictate where cells will exit the vasculature (extravasation) and enter a secondary site. A small 
fraction of these cells may successfully form and sustain a tumor mass. This success is dependent 
on the tumor niche, the availability of nutrients, signaling molecules, and growth factors needed 
for proliferation and angiogenesis.  
While cancer is the result of a collection of genetic mutations that promote uncontrolled and 
accelerated proliferation, it is the tumor microenvironment that promotes the invasive 
phenotypes that ultimately lead to metastasis.13, 14 The heterogeneity of the tumor 
microenvironment makes it challenging to pinpoint which chemical and/or mechanical cues 
promote and direct invasion.15 Gradients of signaling molecules, which arise from intercellular 
communication between the tumor mass and surrounding tissue, promote and direct cancer cell 
invasion.16 Gradients of these signaling molecules form arise from molecular breakdown, non-
specific adsorption, and consumption. Gradients are further exaggerated in solid tumors, which 
are poorly vascularized. This diffusion-dominated environment also results in overlapping 
gradients of abiotic factors: nutrients, oxygen, cellular waste products, and extracellular pH.17, 18 
Mechanical cues such as stiffness and chemical composition of the ECM control proteolytic 
degradation and remodeling by cell-secreted enzymes.19-21 
Metastasis studies utilize xenograft models because they provide a means of quantifying 




experimental control over the chemical, cellular, and mechanical composition of the tumor 
microenvironment and thus make it difficult to determine which factors promote invasion. In 
vitro cell cultures offer an experimentally accessible, albeit reductionist, platform to study 
cellular movement in defined conditions. These in vitro experiments have revealed varied modes 
of cellular movement:9, 24 chemokinesis, an increased but random movement in the presence of a 
soluble factor; chemotaxis, a directional movement guided by gradients of soluble factors; 
durotaxis, directional movement guided by structural properties of the ECM; and, haptotaxis, 
guided movement toward increased numbers of ECM-bound ligands. 
Two-dimensional (2D) cultures, composed of monolayers of cells maintained on the surface 
of a plastic dish, have largely been used to characterize cellular phenotypes and responses to 
chemo- and radio-therapies.25 In migration assays, the movement of cells across a 2D surface is 
measured. Chemokinetic migration assays measure cellular movement in the presence or absence 
of a fixed concentration of a molecule of interest. Chemotactic migration assays measure 
directional movement when a gradient of a molecule of interest is imposed across the cells. 
Regardless of the format, migration along a 2D surface poorly represents the extracellular 
components that cells encounter within tissue. In 3D cultures, cells are placed in pre-formed 
porous materials, suspended in hydrogels that mimic the native ECM, or cultured under 
conditions that promote cell-cell contacts and the formation of aggregates.26 These 3D 
environments result in cellular morphologies, transcript profiles, growth rates, and motility that 
are more representative of those found in vivo than monolayer cultures.27-29  
Invasion assays measure cellular movement through a 3D extracellular matrix. These in vitro 
model systems hold the potential to accurately predict in vivo cellular responses as well as enable 




cellular movement. In this review, we highlight four different invasion assays (Figure 2). We 
specifically focus on paper-based assays, a promising new platform for the generating tissue-like 
environments. Any laboratory interested in studying invasion can adopt this platform, as the 
paper-based scaffolds do not require specialized equipment to prepare or use. This simplicity 
does not limit the experimental power of the platform, which we highlight with recent several 
examples below: the generation of co-cultures; the incorporation of representative ECM; 
experimental control of the gradients that shape the microenvironment; and tools capable of 
quantifying, discerning, and separating different cell types. To provide context to answer the 
question “Why use paper-based cultures?”, we quickly review and highlight three other invasion 
assay formats that are in use or being developed: modified Transwell assays, spheroids, or 
microfluidic-based cultures. Comprehensive reviews, detailing their development and usage can 
be found elsewhere.30-35 
2. Models used to study chemotactic invasion 
2.1 Migration and invasion assays with Transwell supports.  
A popular assay for studying chemokine-promoted movement is the Transwell assay. These 
setups utilize a Boyden chamber, a two-chamber device separated by a thin porous membrane 
through which cells can move.36 The Transwell assay quantifies migration, the number of cells 
that cross the unmodified membrane. Here, cells are seeded directly on the membrane as a 
monolayer. The modified Transwell assay quantifies invasion, the number of cells that cross the 
membrane after degrading a hydrogel matrix (Figure 2a). Here, the membrane is coated with a 
hydrogel prior to introducing cells. These hydrogels are derived from extracellular secretions, 
and sold commercially under trade names such as Matrigel or Geltrex; reconstituted by mixing 




that are biologically inspired or chemically inert.37 Once cells are seeded on the hydrogel, the top 
chamber is filled with culture medium and placed in contact with a bottom chamber. This second 
chamber contains culture medium supplemented with a chemokine of interest. At the assay’s 
completion, the chambers are separated and the cells that passed through the membrane are 
enumerated. While easy to setup and analyze, a drawback of Transwell assays is the rapid 
dissipation of the chemokine gradients.38 The chemical concentrations in both chambers are 
equivalent within a few hours, making it difficult to predict if a gradient, or a single 
concentration, promoted movement. 
Probing cellular movement. Prototypical Transwell experiments focus on soluble signaling 
molecules believed to promote cellular invasion, or small molecules that inhibit movement. In 
one such example, Johnson et al. identified the signaling cascades responsible for increased 
invasion of A549 cells exposed to hepatocyte growth factor (HGF) or epidermal growth factor 
(EGF). These experiments measured the invasion of A549 cells through Matrigel,39-41 and with 
the aid of quantitative mass spectrometry determined the specific pathway responsible for the 
increased invasion. Each factor activated different signaling pathways upon binding to their 
associated receptor: Met and EGFR, respectively.39  
 Abiotic factor-promoted cellular invasion has also been quantified in modified Transwell 
assays. Suzuki et al. showed that exposing cells to acidic conditions, increased the invasion of 
Lewis lung cells through a Matrigel barrier.42 Cronin et al. showed that placing the entire 
modified Transwell assay under hypoxic conditions (2% oxygen, constant tension) increased the 
invasion of several breast cancer lines.43 Both of these setups were rudimentary, and like other 
Transwell assays could not readily form or control the ensuing gradients. Eddington and 




that are able to generate oxygen gradients that extend across the entire culture (Figure 3a).44, 45 
These devices offer fast equilibrium times (minutes) over conventional hypoxia chambers 
(hours), and for the first time provide some level of temporal control for this invasion platform. 
Analysis. Cells that cross the hydrogel-coated membrane are visually enumerated, requiring 
they be labeled with colorimetric or fluorescent markers. Yoo et al. developed an impedance-
based method for quantifying cellular movement (Figure 3b).46 By placing vertically aligned 
gold-plated electrodes directly in the hydrogel slab, they were able to measure cellular movement 
in real time. In its current configuration, this setup is unable to track the movement of individual 
cells.  
Directly counting the cells that cross the membrane make inter-experimental comparisons 
straightforward. These simple readouts, however, cannot quantify the total distance traveled by 
individual cells during an experiment, nor can they determine if the movement was directed or 
random in nature. Burgstaller et al. used confocal fluorescence microscopy to capture images of 
invading fibroblasts over a 62-hour period.40 Despite the ability to track the morphology and 
exact path of each fibroblast, this technique is limited in throughput.  
Summary. Despite the easy assembly and analysis of the modified Transwell assay, the 
numerical data gained from such experiments is deceiving and should be regarded as a 
qualitative assessment of movement. The ill-defined gradients, which dissipate within hours, 
make it difficult to assess which range of concentrations is responsible for promoting or 
inhibiting cellular movement. The end-point readout, which is binary in nature, also makes it 
difficult to determine if the response of these cells was one of increased overall movement 
(chemokinetic) or a result of directed movement along a gradient (chemotactic). The advantages 




potential chemokines, small molecule inhibitors, or different matrices.47, 48 The parallel nature of 
the well-plate formats allow many reactions to be run in parallel, eliminating variability that can 
arise from changes in cellular behavior or phenotype with continued culture and passage.  
2.2 Multicellular spheroid invasion assays.  
Spheroids are multicellular aggregates that display structural, functional, and physiological 
similarities to poorly perfused tumors.49-52 These aggregates contain overlapping gradients of 
nutrients, signaling molecules, and waste products that traverse the aggregate and result in three 
regions of cells: proliferative, quiescent, and necrotic (Figure 4a).31, 53 Spheroids have been 
extensively characterized and are well suited to study: the evolution of the tumor 
microenvironment;50, 52, 54 the penetration and metabolism of drugs;55, 56 and the role of 
extracellular matrices on promoting proliferation and invasion.57  
There are a number of well-established methods for preparing spheroids en masse,53, 57-60 
culturing cells: suspended in hanging droplets of culture medium; in 96-well plates with low-
attachment or non-adherent surfaces; or in spinner flasks or setups that prevent cell-surface 
interactions by keeping the cells suspended in medium. The preparation method and duration of 
culture largely dictates spheroid size. Spheroids with diameters > 200 μm can contain a necrotic 
core.61 The size of the necrotic core is dependent on cell type and diameter of the aggregate. As 
such, comparisons between spheroids can be challenging, as a number of factors influence the 
steepness of the gradients formed across these aggregates.  
Setup and analysis. Spheroid-based invasion assays largely use pre-formed aggregates 
composed of a single cell type.62 In a spheroid gel invasion assay, the spheroid is embedded in a 
hydrogel matrix and the number of cells that invade into the neighboring ECM is quantified 




presence of secondary cells that adhere to and invade the spheroid mass. The spheroid gel 
invasion assay is more commonly utilized because it does not require fixation or histological 
slicing prior to analysis, allowing invasion to be monitored in real-time with brightfield, 
epifluorescence, or confocal microscopy.63, 64 Semi-automatic and automatic imaging methods 
are being developed to quantify invasion.63, 65, 66 One such method detects and quantifies changes 
in spheroid structure, signifying the beginning of invasion (Figure 4b).63  
Evensen et al. demonstrated a specially tooled well plate capable of quantifying invasion 
from 96 individual spheroids in an automated fashion (Figure 4c).66 Single spheroids of the 
prostate cancer cell line DU145 were captured in these individual wells, covered with collagen I, 
and exposed to the National Cancer Institute’s (NCI) diversity compound library of 1,974 unique 
compounds for 18 hours. Invading cells were stained with Hoechst 33342 and enumerated from 
single-plane phase-contrast micrographs.  
In the spheroid/mono-dispersed cell invasion assay, the samples must be histologically sliced 
prior to analysis. While analysis is cumbersome, it does provide information about changes in 
cellular morphology across the entire aggregate. There are a number of well-established 
protocols for characterizing the architecture, cellular health, and gene expression patterns in 
histological slices.31 Complementary techniques are also being developed to provide 
information-rich analyses of these different cell populations, including a imaging mass 
spectrometry and a serial trypsinization method capable of selectively removing cells layer-by-
layer from the aggregate.54, 67, 68 
Summary. While spheroids can be prepared with materials commonly found in tissue culture 
laboratories, not all cell lines have the tight cell-cell junctions needed to support their formation. 




characterization and chemotherapy screening, only 26 cell lines form spheroids under identical 
culture conditions.49 New culture methods, which promote stronger cell-cell interactions, may 
increase this number69 but will likely increase the need for specialized culture tools. 
The spheroid gel invasion assay benefits from stratified cell populations of cells that possess 
different metabolic activities and phenotypes. There are two limitations, however, that are 
difficult to overcome without sacrificing either the simplicity of analysis, or adding extensive 
preparatory steps. First, it is not currently possible to assess if the invading cells originate in the 
proliferative or quiescent zone of the spheroid. Second, it is difficult to assess cellular movement 
within the spheroid. Addressing both of these limitations—identifying the origin of the most 
invasive cells, and assessing the extent of invasion inside and outside the aggregate—is not only 
necessary to fully characterize current drug treatments aimed at preventing invasion, but also to 
identify which cells should be targeted in future therapies.  
2.3 Invasion assays in microfluidic devices  
Microfluidic devices reduce the number of cells and the volume of reagents needed for a 
single experiment by placing the culture in micron-sized channels or wells. Spatiotemporal 
regulation of gradients across these channels offers increased experimental control over earlier 
chemotaxis setups performed in Zigmond or Dunn chambers.70-72 One of the first examples of a 
cell culture-compatible microfluidic device compared the survival of monolayers of rat 
hepatocytes exposed to decreasing oxygen concentrations and increasing shear stresses.73, 74 
Since this initial example, a burgeoning field dedicated to evaluating cellular responses to 
chemokines and drug candidates in micro- and milli-fluidic devices has developed.75-78 These 
studies initially relied on monolayer cultures, but now are focused on incorporating a 3D 




quintessential example of what is possible in microfluidic devices.79, 80 These cultures arrange 
multiple cell types in architectures that simulate the human lung,81, 82 liver,83, 84 kidney,85 gut,86, 87 
vasculature,88 skeletal system,89, 90 skin,91 blood-brain barrier92 and placenta.93 A number of these 
organ-on-chip devices have studied cellular invasion including the intravasation and 
extravasation of breast cancer cells.94, 95 
Setup and fabrication. Microfluidic-based invasion assays utilize hydrogel-filled channels 
containing small numbers of a single cell type, spheroids, or co-cultures organized into tissue-
like architectures.96 A chemokine gradient is applied across the culture, and time-lapse images 
are obtained as cells invade into a neighboring hydrogel (Figure 2c). These devices have been 
used to evaluate cellular invasion through hydrogel barriers in the presence of different 
concentrations of serum (Figure 5a),97-99 gradients of oxygen,100, 101 and gradients of signaling 
molecules generated from co-cultures (Figure 5b).99, 102 Depending on the device and the 
experimental needs, static or dynamic gradients can be formed across the culture.103, 104 In static 
devices, gradients form through the process of diffusion and spatial control is achieved by 
placing solutions containing different concentrations of the molecule of interest at opposite ends 
of a channel. In continuous flow devices, gradients are imposed on the culture by simply 
changing flow rate or the concentration of the molecule of interest. In both setups, the gradients 
can be quantified with numerical simulations and experimentally verified with fluorescently 
labeled molecules.95, 97, 99, 102, 105  
There is a cadre of microfabrication techniques to incorporate channels, wells, valves, 
mixers, and other features in cell-compatible materials such as glass, polydimethylsiloxane 
(PDMS), and polystyrene. 97, 99, 100, 105-109 The fabrication of glass or plastic devices requires 




fabricated on the bench top;110 these devices utilize fabrication techniques that range from 
printed paper devices to molds prepared from 3D printers and laser cutters.111 A large number of 
culture configurations and geometries have been prototyped,112 and there are increasing 
examples of parallel invasion assays being screened in 96- and 384-well formats.103, 113, 114  
Analysis. The combination of micron-sized dimensions and use of optically transparent 
materials make microfluidic platforms compatible with optical microscopy. Continually tracking 
the position of cells in these channels, in combination with the ability to readily generate stable 
chemical gradients, makes chemotactic invasion easily imaged and quantified.97, 99-101, 106, 107, 115 
Like the Transwell assay, non-optical methods of quantifying cellular movement are also being 
developed. Nguyen et al. fabricated a microfluidic device containing microelectrode arrays 
capable of tracking the invasion of individual MDA-MB-231 or MCF-7 cells through Matrigel in 
real time with electrical impedance measurements (Figure 5c).116 Lei et al. also used impedance 
measurements to quantify invasion of nasopharyngeal carcinoma cells through a hydrogel barrier 
when exposed to a gradient of serum.117 Both of these studies showed that cells selectively 
invaded towards regions containing higher concentrations of serum.  
Summary. Despite the level of experimental control afforded by microfluidic devices, they 
have not been widely adopted in tissue culture laboratories because engineering expertise is 
required for fabrication, preparation, and maintenance. There are several groups focused on 
increasing the throughput and automation associated with these devices, allowing for quantitative 
readouts with minimal input from the researcher.103, 113, 115, 118 
2.4 Paper-based invasion assays 
3D cultures have been generated by sandwiching cells between two slabs of hydrogel, or by 




and prone to cracking, limiting their utility for experimental manipulation or analysis. 
Embedding the cell-laden hydrogels in a pre-formed porous scaffold increases the structural 
integrity of the hydrogel,96, 122 and allows for easy experimental manipulation and analysis. Many 
of the pre-formed scaffolds discussed in the literature are difficult to adopt because they require 
materials or synthetic chemistry expertise to prepare, functionalize, and properly characterize. 
Derda et al. demonstrated that chromatography-grade paper supports cell-laden gels.123 Paper 
eliminates the need for synthetic prowess, as there are a large number of commercially available 
paper sources ranging in thickness, porosity, and wet strength.124 The dimensions of the paper 
define the thickness of the cell-containing structure, which can range from 30 (lens paper) to 
1,500 µm (blotting paper). Like other pre-formed scaffold supports, the cellulose fibers provide 
the mechanical support needed to manipulate the cell-containing gel slabs without fear of 
cracking. To confine the cells in defined regions of the paper, hydrophobic borders are 
introduced. Wax printing has proven particularly useful when patterning customizable arrays 
(Figure 2d), and there are examples of wax-patterned scaffolds supporting up to 96 individual 
cultures.123, 125, 126 Other patterning methods have also been developed.127, 128 Once patterned, 
cells suspended in a hydrogel can be manually pipetted into the regions of exposed cellulose 
fibers. 
Probing cellular invasion with endpoint readouts in stacked structures. Layered scaffolds 
form thick tissue-like structures whose cell density, composition, and extracellular matrices can 
be readily changed (Figure 6a). In these stack structures, cells in one paper scaffold are free to 
invade neighboring layers. When placed in a device that limits the free exchange of fresh 
medium, diffusion-dominated gradients develop across the cultures because cellular consumption 




by simply increasing the number of cell-containing layers or by changing the density of cells 
seeded in each layer.  
Paper-based invasion assays have quantified the movement of cancerous cells in the presence 
or absence of oxygen gradients.129, 130, 132-135 In the “invasion stacks” used in our laboratory, a 
single cell-containing sheet is sandwiched between sheets containing only hydrogel. After a 
defined incubation period, the layers of the stack are separated and the number of cells in each 
scaffold enumerated (Figure 6b). These invasion assays demonstrated that cancer cells 
selectively invade regions of higher oxygen tension, independent of cell type, density, or 
configuration of the culture.129, 131, 133  
Probing cellular invasion in real-time readouts with channel formats. The cellulose fibers of 
the paper scaffolds scatter light, limiting the depth to which confocal imaging can interrogate the 
cultures. Invasion stacks are thus limited to endpoint readouts, as the layers must be separated 
prior to imaging. To image invasion in real time, we patterned single sheets of Whatman 105 
paper with centimeter-long channels (Figure 6c).131 In these experiments eGFP-expressing 
MDA-MB-231 cells were seeded in the channel, an oxygen gradient imposed across the culture, 
and movement tracked in real time with epifluorescence microscopy. These experiments 
supported our previous findings in the stack cultures, and showed that cells selectively invaded 
regions of higher oxygen concentration. 
The channel format is also compatible with optical sensors, which can be directly 
incorporated into the culture. To map the in situ development and maintenance of extracellular 
oxygen gradients in the paper-based cultures, we developed a luminescent films that were 
oxygen sensitive.136 These films allowed us to quantify oxygen tensions in a spatially and 




Analysis. To date, paper-based cultures have largely relied on fluorescence-based imaging 
and microscopy to quantify and characterize invasive cells. Commercially available fluorescence 
flatbed scanners make high-throughput analyses possible as multiple cell-containing scaffolds 
can be screened in parallel, but can suffer from: limited resolution, a fixed imaging plane, and 
limited linear responses from high background signals or inner filter effects. While we regularly 
use these low-resolution images to enumerate cells in the scaffolds, microscopic analyses are 
needed to assess morphology, protein expression, and protein localization. Confocal microscopy 
is a mainstay in 3D cultures, and we have used immunocytochemistry and other staining 
protocols to assess cells in the paper-based invasion assays (Figure 6d).133 We have developed a 
qPCR-based method to quantify multiple cell types in a co-culture format.130  
Summary. Paper-based cultures are a promising alternative to currently available 3D culture 
platforms. The ability to prepare cultures with defined patterns, thicknesses, and complexities 
makes paper an ideal material for prototyping invasion assays and tissue-like cultures in general. 
The platform’s ability to support co-cultures by placing different cell types in different layers129, 
130, 134 is unmatched by other setups, allowing tissue-like structures to be easily assembled. 
Stack cultures can separate cell populations based on their invasiveness. Peeling apart each 
scaffold at the end of an experiment eliminates the need for histological slicing or other labor-
intensive techniques. The invasion results obtained thus far not only demonstrate the feasibility 
of the paper-based platform, but also highlight some of its experimental power: 1) The 
combination of end-point and real-time imaging allows cellular movement to be quantified, and 
chemokinetic or chemotactic cellular responses distinguished. 2) The ability to shape and 
measure the oxygen gradients that form in these cultures allows microenvironment-driven 




analyze their response to microenvironmental conditions through invasion, protein- and DNA-
based readouts.  
3. The promise of paper cultures: meeting the challenges of 3D cell cultures 
There currently is not a single 3D culture platform that is both experimentally accessible to 
all tissue culture laboratories and capable of generating tissue-like structures with environments 
that can be readily controlled and analyzed. Such a platform is needed to address biological 
questions aimed at teasing apart the tumor microenvironment and its role in: promoting and 
directing cellular invasion, promoting drug resistance, and disrupting tissue homeostasis. 3D 
culture experiments have demonstrated that context matters, and that a truly predictive in vitro 
model must contain certain components found in tissues. Identifying which components are the 
most important, however, continues to be a challenge.   
We focus here on the current challenges facing all 3D culture platforms, and divide them into 
two categories. The first set of challenges falls under the purview of engineering. In particular, 
engineering a tissue-like environment that contains representative cellular compositions (i.e., co-
cultures) and extracellular matrices. The second set of challenges rests squarely on the shoulders 
of measurement scientists. In particular, the need for techniques capable of quantifying a large 
number of analytes, whose size and concentration span several orders of magnitude, in a spatially 
and temporally resolved manner. These techniques must probe cellular and extracellular regions 
of the culture, and: distinguish and enumerate different cell types within a defined culture region; 
characterize the spatial and temporal changes in gradients of signaling molecules and abiotic 
factors that influence cellular phenotype; and measure the heterogeneity of cellular phenotypes 




While we strive to present representative examples of each 3D culture platform, our focus is 
on the potential opportunities of paper-based cultures. Paper-based cultures surpass other 
available platforms as they can generate tissue-like environments with tools that are accessible to 
any tissue culture laboratory. The modularity and robust nature of the paper-based platform is 
ideal for quantifying cellular invasion, but perhaps more importantly for teasing apart the 
complex regulatory networks that drive invasion.  
3.1 Representative cellular heterogeneity.  
As much as 80% of the mass of an invasive breast carcinoma consists of stromal cells:137, 138 
fibroblasts, adipocytes, endothelial, and inflammatory cells. The close proximity of these 
different cell types promotes paracrine signaling.139 Co-cultures are an experimentally attractive 
way to account for inter-cellular signaling dynamics that promote and direct invasion, 
eliminating the need to introduce exogenous factors of interest at concentrations or time intervals 
that may be biologically irrelevant. Successful co-cultures require medium that can maintain the 
health, phenotype, and regular function of each cell type. Organ-on-chip devices exhibit some of 
the most sophisticated examples of co-cultures to date. These devices, which are composed of 
parallel channels separated by endothelial cells, have been used to study intra- and extravasation 
(Figure 5d). Bersini et al. monitored the extravasation of MDA-MB-231 cells through a barrier 
of HUVEC cells into a channel containing osteo-differentiated bone marrow-derived 
mesenchymal stem cells (hBM MSC’s) suspended in collagen I,140 a common environment for 
breast metastases (Figure 5e). 
The tissue-relevant structures afforded by stacking paper scaffolds, make co-cultures studies 
readily accessible. We recently demonstrated that co-cultures produce very different invasion 




MDA-MB-231, and a mixture of these two cell lines. When cultured alone, both cell types 
selectively invaded regions of higher oxygen tension. When mixed in a co-culture like format, 
the MCF-7 cells moved in the opposite direction, away from the oxygen source. While the exact 
mechanism driving this change in cellular behavior is not currently understood, it is clear that 
vastly different responses can arise when moving toward more complicated culture formats. 
 Whitesides and colleagues quantified invasion in paper-based co-cultures designed to model 
a stroma-containing tumor microenvironment135 or cardiac ischemia.141 In one format, primary 
lung tumor cells were co-cultured with tumor fibroblasts in paper stacks. By imposing oxygen 
gradients across the stack, they showed that fibroblasts increased the invasiveness of the cancer 
cells. Interestingly, the cancer cells invaded fibroblast-containing regions regardless of their 
location along the oxygen gradient. These results suggest that oxygen may play a secondary role 
to other signaling factors such as TGF-β, which is commonly secreted by fibroblasts.135 In a 
second format, a cardiac ischemia model was prepared by stacking paper scaffolds containing 
cardiomyocytes, cardiac fibroblasts, and immortalized fibroblasts.  This work showed that 
cardiomyocytes, under increasing ischemic stress, were able to recruit greater numbers of 
numbers of invading cardiac fibroblasts.141 
3.2 Finding the appropriate extracellular matrix 
In addition to intercellular signaling, the chemical and mechanical properties of the ECM 
play an important role in cancer progression and invasion.142-144 Significant changes in tissue 
elasticity occur during tumor growth and progression. In mammary tissue, for example, the 
stiffness increases dramatically as mammary tumors progress: from 150 – 1200 to 2400 – 4800 
Pa. This increased stiffness can result from: changes in osmotic pressure, causing tissues to 




phenotype changes associated with EMT; and the increased expression of ECM-modifying 
enzymes such lysyl oxidase, which crosslinks collagen and elastin.145, 146 Another consequence 
of ECM stiffening is the enhanced density of integrin binding sites, which promote increased 
cell-ECM interactions and more invasive phenotypes.147 
Spheroid gel invasion assays have been used extensively to probe the role of ECM in 
promoting invasion, as pre-formed spheroids can be easily embedded in hydrogels of varying 
composition and/or stiffness. In these experiments the strength of cell-cell interactions remains 
constant, and the mechanical stresses on the spheroid arise from either ECM-cell interactions or 
the ECM itself. Park et al. demonstrated that placing pre-formed spheroids in collagen I matrices 
of increasing stiffness increased invasion.69 It is difficult to attribute the invasiveness to solely 
stiffness in these experiments, as the density of integrin binding sites also increased.148 Cassereau 
et al. recently engineered a tension bioreactor that allowed collagen fiber density and hydrogel 
stiffness to be decoupled,149 allowing detailed studies on the role of each factor in driving 
invasion. Briefly, collagen hydrogels were covalently conjugated to PDMS membranes under 
different tensions. Using a natural ECM component, this setup showed that ECM stiffness—not 
fiber density or pore size—is responsible for the increased invasion of premalignant mammary 
epithelial cells into surrounding matrix. 
Synthetic elastomers and hydrogels are an attractive alternative to ECM-containing proteins, 
as integrin binding site density and stiffness can be modulated independently.150-152 To date, 
paper-based cultures have largely relied on natural ECM components, including Matrigel,123, 129-
131, 133, 136 collagen I,127, 153, 154 and fibronectin.128 Alginate has also been used.155 While cell-ECM 
interactions have not been explored in paper-based cultures, the platform is compatible with any 




It is also possible to functionalize the cellulose fibers and control the chemical composition 
of the extracellular environment. There are a number of well-established chemistries for 
modifying cellulose substrates.157 Deiss et al. recently showed that solid phase peptide synthesis 
can be performed directly on paper scaffolds, and that introducing RGD-like peptides promoted 
the adhesion of breast cancer cells to the cellulose fibers.158 Using a combination of synthetic 
materials and cellulose modification, it is possible to tune the stiffness and density of integrin 
binding sites in these cultures. 
3.3 Generating gradients.  
The directed cellular movements required for embryogenesis, wound healing, and cancer 
metastasis relies on gradients of signaling molecules. Poorly vascularized tumors contain a 
number of overlapping nutrient and waste product gradients.159-161 Oxygen and nutrient 
starvation are known to promote an invasive phenotype, making the pathways associated with 
their regulation and response prime targets for drug candidates. Placing cells in defined, 
physiologically relevant gradients provides insight into the pathway-specific regulation of key 
aspects of invasion and drug resistance. To prepare representative tissue-like environments, 
experimentally defined gradients must be incorporated in invasion assays. 
Paper-based invasion assays have utilized diffusion-based gradients to date. These gradients 
are self-generating and formed by restricting the supply of nutrients or particular factors to one 
region of the culture. The modularity of the platform offers multiple ways to manipulate the 
shape and steepness of these gradients with minor changes in culture format. Specifically, 
gradients of oxygen, glucose, and lactate have been manipulated in paper cultures by: increasing 
(or decreasing) the density of cells seeded in the scaffolds;129, 139 incorporating materials whose 




number of cell-containing scaffolds.127, 130 We have also incorporated track-etched membranes 
into our culture configurations to retain cells in a particular region of a stacked culture. The 
success of this strategy suggests that selectively permeable filters (e.g., dialysis membranes) 
could be incorporated to quantify cellular invasion when paracrine signaling is restricted.  
The steepness and shape of a gradient can have profoundly different affects on a cell 
population, and it has been shown that migration only occurs in a defined concentration 
window.162 We have repeatedly shown that cancer cells invade regions of higher oxygen tension 
in paper-based cultures.129-131, 133, 135 Microfluidic devices have also quantified the movement of 
cancer cells in oxygen gradients. Acosta et al. reported that pancreatic adenocarcinoma cells 
(PANC-1) invaded regions higher oxygen concentrations when a static gradient was placed 
across the culture.100 Tung et al. found that monolayer cultures of A549 cells migrated away 
from regions of higher oxygen concentrations.163 Each of these examples, and the different 
responses observed, reinforce the importance of context, and that culture dimensionality as well 
as the steepness of oxygen gradients plays a role in chemotactic response. 
In addition to diffusion-based gradients that form in poorly perfused regions of a tumor, 
dynamic gradients are found in vivo where turbulent exchange between tissues and blood vessels 
occurs. Cells are sensitive to shear stress, and in vitro devices must therefore account for the 
impact caused by flow rates and their associated pressures.164-166 Continuous flow microfluidic 
devices exchange fluids in contact with the culture,32 imposing a gradient across the culture that 
is temporally dynamic. Active pumping mechanisms use external pumps to exchange these 
liquids.167 The pumps and their associated hardware can be cumbersome to setup and maintain; 




pumping mechanisms are pressure driven and remove the need for external pumps, reducing the 
complexity of the setup.103, 166  
While continuous flow setups are common in microfluidic devices, they have yet to be 
incorporated into paper-based devices. The union of a paper-based cultures with fluid exchange 
properties of microfluidic devices would be ideal for generating more realistic tissue constructs. 
For example, a tumor-like stack culture in which the top of the stack is readily be replenished 
with nutrients, and a bottom of the stack dominated by diffusional exchange. The ability of paper 
to readily wick liquids through capillary action,168 suggests that passive pumping could be easily 
incorporated into the channel-like structures we have described.131, 136 
3.4 Cell identification and quantification. 
It is challenging to spatially resolve different cell types in co-cultures without the aid of 
unique tags, which commonly take the form of fluorescent molecules such as CellTracker dyes 
or constitutively expressed fluorescent proteins. Fluorescence is a mainstay in 3D culture, as 
confocal microscopy can provide detailed images of cellular morphology and protein 
localization. Confocal microscopy does have drawbacks, however: high-resolution images can 
require long acquisition times, limiting the throughput of the technique; and limited depth of 
penetration due to light scatter, which is particularly troublesome for paper-based and other 
fibrous scaffolds. The ability to separate the individual scaffolds of a stack culture yields slices 
thin enough for analysis with epifluorescence microscopy. High-resolution single-cell analyses 
that require confocal microscopy are also compatible with paper scaffolds.  
We recently described a quantitative polymerase chain reaction (qPCR)-based method to 
enumerate different cell types in paper-based co-cultures (Figure 6b).130 Here, cells were lysed 




by DNA barcodes, unique sequences of DNA that were stably transfected into the cells of 
interest prior to the experiment. When coupled with appropriate controls, the qPCR method can 
detect 10-fold fewer cells than fluorescence imaging. wavelengths. This method can quantify a 
large number of samples with a throughput that rivals fluorescence imaging while offering a 
much lower limit of detection. We note that this barcoding method is widely applicable to all 3D 
culture platforms. 
3.5 Cell isolation, recovery, and analysis 
While fluorescence microscopy supports in situ analyses of heterogeneous cell populations, 
isolating cells based on their invasiveness has proven difficult for many 3D culture platforms. 
Transwell assays yield two populations of cells for analysis, but cannot distinguish cells by the 
distance they invaded. Spheroids require fixation prior to histological slicing, limiting their 
utility for performing secondary analyses. Microfluidic devices, in their current formats, are not 
easily disassembled and cells cannot be removed from the channels in a spatially resolved 
manner.  
Paper-based cultures represent the easiest means of profiling cells based on their 
invasiveness, as stack cultures are easily sectioned into regions whose thickness is dictated by 
the thickness of a paper scaffold.123 After separating the individual layers, it is possible to extract 
cells from the scaffolds for further analysis or culture.130 With paper cultures, it is possible to 
evaluate metabolic activity, senescence, proliferation and protein expression using commercial 
kits.169 Quantitative measurements of drug metabolites in paper are also possible with mass 
spectrometry (Figure 6e).170 There are a number of paper-based electrochemical sensors could 
be incorporated into cultures, to quantify analytes with voltametric, impedimetric, and 




cultures are being developed to complement optical readouts and quantify overall cellular 
movement during an invasion assay.173 Voltametric methods have also been used to detect 
electrochemically active species—such as dopamine—in paper-based cultures.174  
4. Conclusions and perspective 
Despite the increased predictive power of invasion assays, the widespread adoption of 3D 
culture platforms has been limited. This impediment is due to inertia, in part, and the pre-existing 
infrastructure supporting the automated preparation, maintenance, and analysis of monolayer 
cultures in well plate formats. Modified Transwell assays come in well plate-like formats and 
thus can be readily incorporated into these workflows. The results obtained from these assays do 
not provide much more insight than a migration assay, as the mode of movement and the 
particular gradient steepness responsible for that movement is indiscernible. Spheroids can be 
prepared en masse and placed in well plates, making them compatible with dose-response assays 
aimed at determining the efficacy and potency of potential drug candidates. Generating 
controlled gradients across a spheroid is experimentally challenging. Elucidating the specific 
mode of cellular movement through these chemical gradients is also difficult with spheroids. 
Microfluidic device-based invasion assays offer a platform to study cellular invasion in 
exquisitely controlled microenvironments, but in their current format are experimentally 
inaccessible to laboratories that do not have engineering expertise. 
Paper-based cultures are an emerging platform that can be easily implemented in any 
laboratory, utilizing instrumentation readily available to anyone doing tissue culture. The 
simplicity of the materials and their preparation do not limit the experimental power of this 
platform, which is modular in nature and able to accommodate a large number of cell types, 




engineered gradients that result from consumption outpacing diffusion, much like a spheroid or a 
poorly vascularized tumor. Unlike the other platforms, live cells are easily retrieved from the 
paper scaffolds, providing spatially resolved populations based on their invasiveness. Paper-
based cultures are poised to become the platform of choice as they: can be patterned to adopt 
many formats, including those of 96-well plates; can be incorporated into existing workflows 
used for monolayer cultures, and thus support many cultures in parallel; and are compatible with 
currently utilized methods of analysis for monolayer cultures, providing meaningful datasets 
with familiar readouts. 
Invasion assays are only one of many applications that are enabled by 3D cultures, and we 
wish to highlight that each of the platforms discussed above have the potential to revolutionize 
the way in which we screen and evaluate potential chemotherapies or environmental toxins. The 
level of experimental control offered by some of these invasion platforms enables biochemical 
studies capable of elucidating the role of the microenvironment on cellular phenotypes, pathway 





5. Figures and Tables 
 
Figure 1.1. Carcinomas, which originate on the epithelial side of the basement membrane, result 
when epithelial cells undergo an epithelial-to-mesenchymal transition (EMT). In this process, 
epithelial cells lose their cell-cell contacts and rapidly proliferate to form a dysplasia/adenoma. 
Further transformation leads to a carcinoma in situ, a mass of mesenchymal cells fully equipped 
with the machinery to invade. Mesenchymal cells are able to break down the basement 
membrane and invade the stroma, which consists of connective tissues, blood vessels and other 
cell types; this stage of cancer is known as an invasive carcinoma. Invasive carcinomas are able 
to metastasize to distant sites within the body and colonize there to form secondary tumors. 
During metastasis, invading cells are directed to the vasculature, and enter the blood stream in a 
process known as intravasation. Cells are carried by the circulatory system to distant sites in the 
body. Trapped by the size limit of the blood vessels or by adhesion to the endothelial lining, cells 
can exit the vasculature via extravasation and invade new tissues. If the new site contains the 






Figure 1.2. Representative 3D culture platforms that support invasion assays. a) The modified 
Transwell assay uses an ECM coated membrane, which separates two medium-containing 
chambers. Cells that invade the ECM and cross the membrane to reach the chemokine-containing 
bottom chamber are enumerated. b) Multicellular spheroids result in concentric regions of 
proliferative, quiescent, and necrotic cells. In gel invasion assays, spheroids are suspended in 
ECM and the cells that invade the surrounding matrix are quantified. c) Microfluidic devices 
pass solutions over cells suspended in ECM, giving high spatiotemporal control over gradients 
formed across the culture. Cellular movement is monitored with cell tracking. d) Different 
formats of paper-based cultures, which track the invasion of cells suspended in ECM between 
discrete layers or across a single layer of paper. By limiting the exchange of nutrients with the 





Figure 1.3. a) Oxygen gradients can be applied to well plates using PDMS-based microwell 
inserts. Reprinted from45 with permission. b) Bulk invasion can be quantified in gel slabs using 
capacitance. Reprinted from46 with permission. c) Representative modified Transwell assay 
setups. Invasive cells are seeded on the upper membrane of the Transwell insert, which is 
typically coated with an ECM mimic and/or a monolayer of endothelial cells. Chemokine 
supplemented media is added to the lower chamber or chemokine secreting cells can be cultured 





Figure 1.4. a) Complex gradients of oxygen, ATP, proliferation, apoptosis, and waste products 
such as lactate form across spheroids. Reprinted from reference175, with permission. b) Invasion 
can be quantified in spheroid models from 3D confocal and 2D phase-contrast micrographs. Top: 
representation of the whole spheroid and its components: the initial spheroid delineated by a 
yellow circle, the expanded spheroid core (blue), edging cells (green) and detached cells (red). 
Bottom: graph representing the cell density distribution measured from the top image. Reprinted 
from reference63, with permission. c) MDA-MB-231 cell invasion was examined using the novel 
3D invasion assay in the presence of the anti- β1 integrin antibody at difference concentrations 
vs. control IgG. Invaded cells were microscopically examined and counted. Reprinted from 






Figure 1.5. A variety of microfluidic devices can be designed to address invasion. a) Spheroids 
can be cultured in microfluidic invasion assays. Reprinted from99 with permission. b) Co-cultures 
of spheroids can be studied in microfluidics. Reprinted from106 with permission. c) Single-cell 
invasion can be measured with microfluidics integrated with electrical impedance. Reprinted 
from116, with permission. d) Extravasation can be modeled in microfluidics with a layer of 
endothelial cells. Reprinted from94 with permission. e) Extravasation followed by colonization in 





Figure 1.6. Modularity of paper-based platforms and their compatibility with current 
bioanalytical infrastructure. a) Cell culture density, thickness, cell type and organization is easily 
modulated to mimic conditions such as cardiac ischemia. Reprinted from141 with permission. b) 
Invasion in paper scaffolds can be quantified with fluorescence or qPCR techniques. Reprinted 
from130  with permission. c) Real-time fluorescence imaging is possible to evaluate invasion. d) 
Immunocytochemistry can be used with confocal microscopy to evaluate cellular response. 
Reprinted from131 with permission. e) Lipid profiling of cells using paper spray ionization mass 
spectrometry. Reprinted from176 with permission. f) Electrochemical detection of glucose on 
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CHAPTER 2 – REAL-TIME IMAGING OF CANCER CELL CHEMOTAXIS IN 
PAPER-BASED SCAFFOLDS2 
1. Introduction 
Chemotaxis—the directed movement of cells exposed to a gradient of cytokines, growth 
factors, or other small molecules—plays an important role in driving the invasion, intravasation, 
extravasation, and colonization of tumorigenic cells.1-4 The steepness and shape of these 
gradients in vivo largely depend on the source of the chemotactic molecules and the 
concentration changes imposed by the surrounding matrix through adsorption, binding, and 
degradation of the molecules. There are a number of chemotaxis assays that screen for potential 
chemotactic molecules;3, 5 these assays range in complexity from monolayer cultures to three-
dimensional tissue-like structures.  
Transwell assays are widely used to study chemotaxis because they are readily assembled, 
easy to analyze, and amenable to high-throughput screens.5, 6 These assays provide an end-point 
readout, and enumerate cells that have migrated across a porous filter in the presence of an ill-
defined gradient of a soluble factor. The monolayer cultures used in these assays oversimplify 
the environment of a tissue, and cannot readily mimic the cell-cell and cell-matrix interactions 
found in vivo. Microfluidic devices support two- and three-dimensional cultures, and offer 
exquisite control over the spatial and temporal gradients of soluble molecules delivered to the 
culture.7, 8 Many of these devices are optically transparent and compatible with real-time 
                                                 
2 This chapter previously appeared as an article in the Journal of Analyst. The original citation is as follows: R.M. 
Kenney, M.W. Boyce, A.S. Truong, C.R. Bagnell, and M.R. Lockett* (2016) Real-time imaging of cancer cell 




imaging. Analysis of sequentially captured images makes it possible to distinguish chemotaxis 
from chemokinesis: the promotion of randomized migration.4 Microfluidic devices have not been 
widely adopted by tissue culture laboratories because they, in their current state of development, 
are difficult to setup and maintain, requiring specialized equipment and engineering experience.5 
There is a need for a culture system that provides: i) a three-dimensional culture 
environment, similar to in vivo conditions; ii) the ability to experimentally control the cellular 
environment through the formation and modulation of chemical gradients, akin to microfluidic 
devices; and iii) the ease of setup and analysis offered by migration assays, such as the transwell 
assay. Paper-based scaffolds are an attractive material for generating three-dimensional tissue-
like structures because they can be prepared with equipment commonly found in a tissue culture 
laboratory. Whitesides and colleagues demonstrated that a culture of mammalian cells suspended 
in a hydrogel could be maintained in wax-patterned sheets of paper for prolonged periods.9-12 
Paper-based devices are also ideal for studying chemotaxis of cells in static gradients because 
paper readily wicks liquids and has been used to fabricate low-cost microfluidic and flow-based 
devices.13-15 Strips of paper containing static gradients of two chemokines were used to promote 
the chemotaxis of T lymphocytes; the chemokine-containing papers were placed atop cells 
cultured on fibronectin-coated surfaces.16 
Paper-based scaffolds were recently adapted to study the invasion of non-small cell lung 
cancer cells in the presence of an oxygen gradient.17 These “invasion stacks” were prepared by 
sandwiching wax-patterned sheets of paper containing cells suspended in a hydrogel between 
sheets of paper containing only hydrogel. The stacks were incubated in a custom-made holder 
that controlled the exchange of fresh medium with the culture, and generated a diffusion-




neighboring layers of hydrogel-containing paper; the individual sheets of paper were separated, 
and the extent and directionality of invasion in the applied gradient quantified. While these 
paper-based invasion assays are easily assembled and can be analyzed with fluorescence imaging 
techniques, they can only accommodate end-point analyses, as the stack must be disassembled 
prior to imaging. 
Here, we describe a paper-based invasion assay that utilizes a single sheet of paper, which 
was patterned to contain three 11-millimeter long channels. This single-sheet format affords a 
three-dimensional culture environment in which cells can be directly imaged, in real-time, with 
fluorescence microscopy. This feature eliminates the need of disassembling the invasion assay 
prior to analysis. We monitored the invasion of breast adenocarcinoma (MDA-MB-231) cells in 
the presence and absence of an oxygen gradient. A prevailing hypothesis in tumor biology is that 
hypoxia promotes an invasive phenotype in cancer cells.18-20 These hypoxic regions result in 
solid tumors because the oxygen demands of the highly proliferative cells outpace the supply 
provided by poorly formed and often aberrant vasculature;21 this disparity of supply and demand 
results in oxygen gradients, which are believed to direct the movement of the invasive cells to 
neighboring tissues. 
We found that MDA-MB-231 cells cultured in the single-sheet invasion assay selectively 
invade regions of higher oxygen concentration. To confirm the oxygen gradients were 
responsible for the observed chemotactic response, we performed control experiments and 
quantified cellular invasion in the absence of an oxygen gradient. We also confirmed that cells, 
at increased distances from the source of oxygen in the channel, have increasing amounts of 
hypoxia inducible factor-1 (HIF-1) localized in their nuclei. HIF-1 is a transcription factor 




support the previous findings in the paper-based invasion stacks, and show that oxygen is a 
chemoattractant for more than one type of cancer cells. This work further demonstrates the ease 
in which paper-based cultures can be assembled to study cellular invasion, which can be 
monitored in situ over prolonged periods of incubation. 
 
2. Experimental  
2.1 Cells and culture reagents 
We engineered MDA-MB-231 cells to constitutively express green fluorescent protein 
(M231-eGFP) using lentiviral particles purchased from GeneCopoeia (LPP-eGFP-Lv105-025). 
This cell line was transduced according to the manufacturer’s protocol and maintained with 
puromycin (1 µg/mL). Parental and M231-eGFP cells were cultured in vented tissue flasks at 37 
oC and 5% CO2 in RPMI 1640 medium (Gibco, Life Technologies) containing fetal bovine 
serum (10% v/v) and penicillin-streptomycin (1% v/v). Culture medium was exchanged every 
two days. These cells were passed when the culture reached 70 – 80% confluency: the cells were 
detached from a tissue culture flask with Trypsin-EDTA (5 minutes, 37oC), washed with serum-
containing medium, pelleted, and cultured in a fresh flask at the appropriate dilution. 
2.2 Paper-based scaffold preparation 
We prepared the paper-based scaffolds (Figure 1A) by patterning Whatman 105 lens paper 
with wax from a Xerox ColorCube 8870 printer. Each pattern contained three 11.0 mm x 2.5 mm 
channels. Each scaffold was patterned with black-colored wax, which is not fluorescent, 
allowing cell-containing regions to be easily distinguished from the wax background. The 




analysis because they are readily visualized by eye and are fluorescent. These patterns are 
detailed in Figure S1 of the SI. Each scaffold was baked at 150 oC for 15 minutes to ensure the 
wax completely permeated the sheet, and was sterilized with ultraviolet light prior to use. 
Sheets of cellulose acetate (overhead transparency films, Staples) were cut into defined 
designs with a Silver Bullet® cutting machine. The designs of the cellulose acetate films are 
detailed in Figure S2 of the SI. The cellulose acetate sheets were rinsed in 70% ethanol and 
autoclaved prior to use. Polydimethylsiloxane (PDMS) films were prepared by spin coating a 
mixture of Sylgard® 184 silicone elastomer curing agent and base (1:10 ratio, Dow Corning) 
onto a cellulose acetate film with the following protocol: step 1, speed (S) = 4 sec at 300 rpm, 
and acceleration (A) = 278 rpm/sec; step 2, S = 30 sec at 400 rpm, A = 417 rpm/sec. A sheet of 
Whatman 105 paper was placed atop the PDMS film prior to curing overnight at 150 oC. The 100 
µm thick PDMS films were cut into defined designs with a Silver Bullet® cutting tool, separated 
from the cellulose acetate films, and sterilized under ultraviolet light (30 minutes per side) prior 
to use. The designs of the PDMS films are detailed in Figure S2 of the SI. 
2.3 Assembly of the single-sheet invasion assays 
Prior to assembling the invasion assays, cells were detached from a tissue culture flask as 
described above, washed, and resuspended in Matrigel (Corning) to a final concentration of 
150,000 cells/µL; the Matrigel and cell suspension were kept on ice to prevent gelation. Cell-free 
Matrigel (0.59 L) was added to 4-mm segments at the left and right side of the channel (Figure 
2A), and the remainder of the channel was seeded with 0.44 L of the cell-containing 
suspension. After seeding each of the channels, the paper-based scaffolds were placed in a six-




We utilized two culture setups. In one setup, the paper-based scaffold was sandwiched 
between two cellulose acetate films (Figure 1C). In the second setup, the paper-based scaffold 
was sandwiched between a cellulose acetate film and a thin film of PDMS (Figure 1D). Both 
setups, once assembled, were placed in a custom-made stainless steel holder and incubated for 48 
h (37 oC, 5% CO2). The culture medium was changed every 24 hours. The design of the stainless 
steel holder is detailed in Figure S3 of the SI.  
2.4 Image acquisition and processing 
Images of each channel were captured on an Olympus IX81 inverted light microscope 
equipped with a 4x/0.13 PhL UPlanFLN objective, an X-Cite lamp with a liquid light guide, and 
a 482 ± 17 nm emission filter. The six-well plates containing the stainless steel holders were 
placed on a fully motorized LEP Bioprecision stage, which was controlled by Improvision’s 
Velocity Software. Each channel was captured as a series of six images, each with 10% overlap, 
that were digitally stitched together to form a single image. 
Images were visualized and processed in ImageJ.22 We used a custom-designed macro, 
which: aligned a series of sequential images (i.e., images of a particular channel after 0, 24, and 
48 h of incubation) from a user-defined line running the length of the channel; determined the 
center of mass for defined regions of the channel; and compared these center of mass values to 
the first image in the series. The annotated code of the macro is provided in the SI. 
2.5 Immunofluorescence 
Samples were immediately fixed at the completion of the invasion assay to prevent protein 
degradation of hypoxia inducible factor-1 alpha (HIF-1) upon reoxygenation.23 The assembled 




4% formalin (Life Technologies) in 1X DPBS, and disassembled. The paper-based scaffolds 
were incubated in the formalin solution for 15 minutes, and permeabilized in wash buffer (1X 
PBS, 0.3% Triton X-100) for 1 hour at room temperature. The samples were blocked in wash 
buffer containing 5% normal goat serum (Cell Signaling Technology) for 1 hour at room 
temperature and then incubated overnight at 4 oC with mouse anti-HIF-1-Dylight 550 (1:200 
dilution; Life Technologies). The samples were washed four times with wash buffer and then 
incubated for 3 hours at room temperature in phalloidin-CruzFluor 633 (1:10,000 dilution, Santa 
Cruz Biotechnology) and DAPI (1:1,000 dilution, Life Technologies). The stained samples were 
washed six times with wash buffer and three times with 1X DPBS prior to mounting onto glass 
slides with Prolong® Gold Antifade Reagent (Cell Signaling Technology). 
Images were obtained on a Zeiss LSM 700 confocal laser scanning microscope using a 
20X/0.80 Plan-Apochromatic objective. Each image (1024 x 1024 pixels) was obtained at an 
acquisition speed of 1.58 µs/pix and is the average of four images.  
2.6 Statistical analyses 
Values presented in this work are the mean and standard deviation of at least five replicate 
invasion assays. A two-tailed Student’s t-test was used to compare different sets of data; a p-
value of < 0.05 was considered significant. 
 
3. Results and Discussion 
3.1 Single-sheet invasion assay fabrication. 
We chose Whatman 105 lens paper to prepare the single-sheet invasion assay because it is 




visualize cells in the paper-based scaffolds with a light or fluorescence microscope. Each wax-
patterned scaffold (Figure 1A) contained three channels, and allowed us to perform three 
technical replicates in a single experimental setup. Suspensions of cells in Matrigel were seeded 
in the channel as depicted in Figure 2A. The scaffolds were sandwiched between two sheets of 
cellulose acetate and placed in a custom-made stainless steel holder (Figure 1B). We selected 
cellulose acetate because it is transparent, and allowed us to directly visualize the cells in the 
assembled holder with an inverted fluorescence microscope. These sheets are also impermeable 
to liquids and oxygen, allowing us to limit the exchange between the culture medium and the 
channel. Gradients generated in the channel result from diffusion-dominated mass transport and 
cellular consumption. Both the paper-based scaffolds and the cellulose acetate films are readily 
modified to generate gradients of different shapes or steepness, on an experiment-by-experiment 
basis. 
3.2 Tracking Cellular Invasion. 
We engineered MDA-MB-231 cells to constitutively express green fluorescent protein. We 
tracked the movement of these eGFP-expressing cells in the paper-based scaffolds with an 
inverted fluorescence microscope, and collected images of each channel after 0, 24, and 48 hours 
of incubation. Images of each channel are composites stitched together from six individual 
images that cover the length of the channel. Unlike many chemotaxis assays, which utilize 
microscopy-based readouts to track the movement of a small number of individual cells 
(typically 20 or fewer),24-27 we measured the average movement of all the cells in the invasion 
assay. To quantify the average displacement of the cells in the channel after 24 or 48 h of 
incubation, we designed a macro in ImageJ to locate the cell fronts at the left- and right-hand 




a box extending from a pre-defined location (the 3.0 or 9.0 mm marking, Figure 2A) until the 
average fluorescence signal of the bulk cell population is reached. The macro determines the size 
and location of these boxes for the initial image (Figure 3A), calculates the center of mass of the 
cells at the start of the invasion assay, and then measures the center of mass for the same region 
of interest in the subsequently captured images.  
Measuring the bulk movement of an entire population of cells distills invasion into a single 
value: the average distance traveled by a dense population of cells experiencing differing levels 
of oxygenation, nutrient starvation, and exposure to cellular waste products. Changes in center of 
mass for a given period of incubation allowed us to quantify the average movement of both cell 
fronts. This method of analysis is entirely independent of variations in image intensity and 
eliminates problems that could arise between image acquisitions, such as: slight differences in 
the plane of focus, inconsistent settings during image acquisition, or slight variations in the 
illuminated field. In the current work, we chose to focus on the cell fronts to demonstrate the 
feasibility of quantifying average cellular movement in the single-sheet invasion assays. The 
macro can be adapted to define multiple regions of interest, and is also capable of tracking the 
movement of smaller numbers of cells.  
3.3 Cells selectively invade regions of higher oxygen concentration.  
Previous work in paper-based invasion stacks17 found that lung adenocarcinoma cells, when 
placed in an oxygen gradient, selectively invade regions of higher oxygen concentration. To 
determine if oxygen acts as a chemoattractant for other cell types we compared the movement of 
M231-eGFP cells in the presence and absence of an oxygen gradient. To generate monotonic 
gradients of oxygen and other soluble factors along the length of the channel, we used the setup 




above. The cell front closest to the region of free exchange with the culture medium is referred to 
as the “proximal cell front”; the “distal cell front” is further away from the region of exchange. 
Invasion toward the region of free exchange is indicated by positive values, while movement 
away is indicated by negative values.28  
When assembling the invasion assays, we placed the M231-eGFP cells in two different 
locations in the channel, such that the proximal cell front was either 0.5 or 1.0 mm from the 
region where medium freely exchanged with the culture. For channels under an oxygen gradient, 
cell placement had a significant affect on the movement of the cells toward regions of higher 
oxygen concentration (Figure 3). Cells seeded 1.0 mm away from the opening did not undergo 
chemotaxis after 24 h of incubation, and the change in center mass for the proximal and distal 
cells fronts is not statistically significant. After 48 h, cells at the proximal front migrated 73 ± 40 
µm toward the region of free exchange while cells at the distal front migrated 24 ± 20 µm away 
from the oxygen source. These differences are statistically significantly greater (p < 0.05), and 
indicate the cells are preferentially invading toward regions of higher oxygen concentration.  
The proximal cell front of cells seeded 0.5 mm from the oxygen preferentially migrated 
toward the oxygen source at 24 h (p < 0.001) and 48 h (p < 0.005). The observed difference in 
cell invasion can be attributed to placement of the cells in the oxygen gradient. Cells have been 
shown to be sensitive to the steepness of the oxygen gradients, and increasing distances from the 
source of oxygen will result in a shallower gradient that is not as easily detected by the cells.26 
The shape of the oxygen gradient, which is a result of diffusion into the system and consumption 
by the cells, is greatly affected by the position and distribution of the cells seeded in the channel. 




the oxygen gradients formed in the paper-based cultures, and relies on technical improvements 
such as the reproducible seeding of cells in the channel. 
To determine if the oxygen gradient, and no other changes in the cellular microenvironment 
such as decreased pH or the accumulation of signaling molecules or waste products, was 
responsible for the selective movement we observed, we repeated the above experiments with the 
setup shown in Figure 1D. Here, the top cellulose acetate film was replaced with a 100 µm thick 
sheet of PDMS, which also contained a single opening to allow the exchange of fresh medium 
with the channel. This setup resulted in the formation of a monotonic gradient of soluble 
nutrients along the channel, but exposed the channel to a uniform concentration of oxygen. In 
these experiments the movement toward and away from the nutrient source after 24 and 48 h of 
culture are statistically insignificant, regardless of the location they were seeded in the channel 
(Figure 3).  
 
3.4 Cells selectively express different levels of hypoxia inducible factor-1α in different 
locations of the oxygen gradient.  
To further confirm that the directed movement of the M231-eGFP cells was caused by an 
oxygen gradient formed in the channel, we cultured parental MDA-MB-231 cells in various 
locations along the channel and immunofluorescently labeled them for HIF-1. HIF-1 is 
constitutively expressed in all cells, and under normoxic conditions is rapidly hydroxylated and 
marked for degradation.29-31 Under hypoxic conditions, HIF-1 is stabilized and translocates to 
the nucleus where it associates with other proteins to form an active transcription factor complex. 
This complex regulates the expression of more than 800 genes.31 
We assembled invasion assays as described above, and cultured parental MDA-MB-231 cells 




where medium freely exchanges with the culture, the proximal location; ii) 1.0 mm away from 
the opening, an intermediate location; and iii) 5.0 mm away from the opening, a distal location. 
Each setup was disassembled in the presence of formalin to ensure the HIF-1 was not degraded 
when the sample was reoxygenated. The samples were stained with a fluorescently labeled anti-
HIF-1 antibody, which we used to compare the relative levels of hypoxia each setup of cells 
was experiencing; fluorescently labeled phalloidin, which allowed us to localize each cell in the 
sample; and DAPI, which allowed us to localize the nucleus of each cell. To quantify the average 
amount of HIF-1 antibody in the nucleus of each cell, we used ImageJ to select each of the 
DAPI-stained nuclei as regions of interest. We then used those regions of interest to obtain the 
fluorescence intensity of HIF-1. Figure 4 contains representative confocal images of a single 
viewing plane of cells cultured in the locations distal (Figure 4A) and proximal (Figure 4B) to 
the region of free exchange between the medium and the channel. 
Figure 4C is a graphical representation of the average fluorescence intensity of each cell in 
the sample, and is the average of at least 46 individual cells. HIF-1 localization in the nucleus is 
statistically indistinguishable for cells cultured in different locations of the setup utilizing a 
PDMS film, and confirms that the entire channel is exposed to a uniform concentration of 
oxygen. There is a significant difference between HIF-1α localization in the nucleus for cells 
cultured in an oxygen gradient. Cells proximal to the culture medium contain a similar amount of 
HIF-1 as the cells cultured in uniform oxygen. When comparing the different locations along 
the channel, however, there is a significant difference in the amount of HIF-1 that localizes in 
the nucleus between the proximal and distal populations (p < 0.005).  
These results confirmed that oxygen gradients are being formed in the single sheet invasion 




the oxygen source. It also confirms that the observed invasion is due to the applied oxygen 
gradient. 
4. Conclusion  
We describe a paper-based invasion assay that utilizes a single sheet of wax-patterned paper 
with three channels in which cells suspended in a hydrogel can be cultured. This paper-based 
scaffold provides a 3D culture environment that can be easily assembled using equipment found 
in a tissue culture laboratory. These scaffolds are also thin enough that the cells can be directly 
visualized in the assembled invasion assay with a light or fluorescence microscope. We utilized 
this system to study chemotaxis of MDA-MB-231 cells in gradients of oxygen. Through a series 
of control experiments, in which we monitored cellular movement in the absence of an oxygen 
gradient, we confirmed that oxygen is acting as a chemoattractant in the diffusion-dominated 
environment of the paper-based invasion assay.  
While these paper-based cultures are more easily assembled and maintained than current 
microfluidic devices, the shape and steepness of the gradients formed in these paper-based assays 
is yet to be characterized. There is a need for experimental methods capable of measuring the 
distribution of oxygen in these 3D cultures. The experiments presented here demonstrate that the 
paper-based cultures can be utilized to study chemotaxis, and through the aid of microscopic 
imaging can follow a single culture for a prolonged period of time without having to disassemble 







5. Figures and tables 
 
Figure 2.1. A) Schematic of a paper-based scaffold, patterned to contain three channels in which 
we cultured cells for the invasion assays. The scaffold is sandwiched between two cellulose 
acetate films. B) Schematic of an assembled invasion assay. The cell-containing scaffolds are 
assembled into a custom-made stainless steel holder. Cells in the assembled assay can be 
visualized directly with a light or fluorescence microscope. C) Side-view of an assembled 
invasion assay in which we use two cellulose acetate films to control the access of oxygen and 
other soluble nutrients to the culture. D) Side-view of an assembled invasion assay in which we 
replace the top cellulose acetate film with a thin sheet of PDMS. The PDMS limits the access of 
soluble nutrients to the culture but is freely permeable to oxygen. A) and B) are drawn to scale, 
as indicated by the scale bar in the lower left-hand corner of the figure. C) and D) are not drawn 









Figure 2.2. A) Schematic of the setup used for each invasion assay. Each channel is surrounded 
by black-colored wax and contains distance markers, which are red-colored wax. B) Bright field 
image of a single channel in the paper-based scaffold, the arrow white arrow denotes the edge of 
the top cellulose acetate film and the location in which medium was allowed to freely exchange 
with the culture. C) Fluorescence image of the same channel, seeded with M231-eGFP cells. The 
white arrow is pointing to one of the distance markers, which are fluorescent. The red-colored 
wax readily fluoresces and was used to visualize the position of the M231-eGFP cells in the 









Figure 2.3. A) Representative fluorescence image of a channel with the distal and proximal 
regions of interest outlined by a black and gray box, respectively. These regions were selected by 
the macro detailed in the Supplementary Information section. Graphical representations of the 
average distance the cells moved is denoted as the change in center of mass for each 
experimental setup. Cells were seeded in the channel such that the proximal cell front was B) 1.0 
or C) 0.5 mm away from the oxygen source. Each bar is the average of at least 5 replicates, and 
the error bars represent the standard deviation. A * represents p < 0.05; ** p < 0.01; *** p < 










Figure 2.4. Representative immunofluorescence images of MDA-MB-231 cells in the paper-
based channel stained for: HIF-1 staining (red), DAPI (blue), and phalloidin (green). Cells A) 
distal and B) proximal to the oxygen source were cultured for 48 h. We note that the fibers of the 
paper-based scaffolds were not selectively stained prior to imaging; these fibers fluoresce when 
excited with ultraviolet light, used to image the DAPI-stained nuclei. C) Graphical representation 
of the average fluorescence intensity of antibody-stained HIF-1 in the nuclei of cells cultured in 
various locations of the channel in the presence and absence of an oxygen gradient. Each bar is 
the average of at least n = 46 nuclei, and the error bars represent the standard deviation. A * 






1. Roussos, E. T.;  Condeelis, J. S.; Patsialou, A., Chemotaxis in cancer. Nature reviews. 
Cancer 2011, 11 (8), 573-587. 
2. Iglesias, P. A.; Devreotes, P. N., Navigating through models of chemotaxis. Curr. Opin. 
Cell Biol. 2008, 20 (1), 35-40. 
3. Wu, J.;  Wu, X.; Lin, F., Recent developments in microfluidics-based chemotaxis studies. 
Lab Chip 2013, 13 (13), 2484-2499. 
4. Petrie, R. J.;  Doyle, A. D.; Yamada, K. M., Random versus directionally persistent cell 
migration. Nat. Rev. Mol. Cell Biol. 2009, 10 (8), 538-549. 
5. Sackmann, E. K.;  Fulton, A. L.; Beebe, D. J., The present and future role of 
microfluidics in biomedical research. Nature 2014, 507 (7491), 181-189. 
6. Kramer, N.;  Walzl, A.;  Unger, C.;  Rosner, M.;  Krupitza, G.;  Hengstschlager, M.; 
Dolzing, H., In vitro cell migration and invasion assays. Mutat. Res., Rev. Mutat. Res. 
2013, 752 (1), 10-24. 
7. Mehling, M.; Tay, S., Microfluidic cell culture. Curr. Opin. Biotechnol. 2014, 25 (1), 95-
102. 
8. Gao, D.;  Liu, H. X.;  Jiang, Y. Y.; Lin, J. M., Recent developments in microfluidic 
devices for in vitro cell culture for cell-biology research. TrAC, Trends Anal. Chem. 
2012, 35 (1), 150-164. 
9. Deiss, F.;  Mazzeo, A.;  Hong, E.;  Ingber, D. E.;  Derda, R.; Whitesides, G. M., Platform 
for high-throughput testing of the effect of soluble compounds on 3D cell cultures. Anal. 
Chem. 2013, 85 (17), 8085-8094. 
10. Derda, R.;  Laromaine, A.;  Mammoto, A.;  Tang, S. K. Y.;  Mammoto, T.;  Ingber, D. E.; 
Whitesides, G. M., Paper-supported 3D cell cultre for tissue-based bioasays. Proc. Natl. 
Acad. Sci., U.S.A. 2009, 106 (44), 18457-18462. 
11. Derda, R.;  Tang, S. K. Y.;  Laromaine, A.;  Mosadegh, B.;  Hong, E.;  Mwangi, M.;  
Mammoto, A.;  Ingber, D. E.; Whitesides, G. M., Multizone paper platform for 3D cell 
cultures. Plos One 2011, 6 (5), e18940. 
12. Mosadegh, B.;  Dabiri, B. E.;  Lockett, M. R.;  Derda, R.;  Campbell, P.;  Parker, K. K.; 
Whitesides, G. M., Three-dimensional paper-based model for cardiac ischemia. Adv. 
Healthcare Mat. 2013, 3 (7), 1036-1043. 
13. Carrilho, E.;  Martinez, A. W.; Whitesides, G. M., Understanding wax printing: a simple 





14. Martinez, A. W.;  Phillips, S. T.;  Whitesides, G. M.; Carrilho, E., Diagnostics for the 
developing world: Microfluidic paper-based analytical devices. Anal. Chem. 2010, 82 (1), 
3-10. 
15. Yetisen, A. K.;  Akram, M. S.; Lowe, C. R., Paper-based microfluidic point-of-care 
diagnostic devices. Lab Chip 2013, 13 (12), 2210-2251. 
16. Walsh, D. I.;  Lalli, M. L.;  Kassas, J. M.;  Asthagirl, A. R.; Murthy, S. K., Cell 
chemotaxis on paper for diagnostics. Anal. Chem. 2015, 87 (11), 5505-5510. 
17. Mosadegh, B.;  Lockett, M. R.;  Minn, K. T.;  Simon, K. A.;  Gilbert, K.;  Hillier, S.;  
Newsome, D.;  Li, H.;  Hall, A. B.;  Boucher, D. M.;  Eustace, B. K.; Whitesides, G. M., 
A paper-based invasion assay: Assessing chemotaxis of cancer cells in gradients of 
oxygen. Biomaterials 2015, 52 (1), 262-271. 
18. Cristini, V.;  Frieboes, H. B.;  Gatenby, R.;  Caserta, S.;  Ferrari, M.; Sinek, J., 
Morphological instability and cancer invasion. Clin. Cancer Res. 2005, 11 (19), 6772-
6779. 
19. Frieboes, H. B.;  Jin, F.;  Chuang, Y. L.;  Wise, S. M.;  Lowengrub, J. S.; Cristini, V., 
Three-dimensional multispecies nonlinear tumor growth II: Tumor invasion and 
angiogenesis. J. Theor. Biol. 2010, 264 (4), 1254-1278. 
20. Sullivan, R.; Graham, C. H., Hypoxia-driven selection of the metastatic phenotype. 
Cancer Metastasis Rev 2007, 26 (2), 319-331. 
21. Harris, A. L., Hypoxia - A key regulatory factor in tumour growth. Nat. Rev. Cancer 
2002, 2 (1), 38-47. 
22. Rasband, W.S. ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, USA. 
imageJ.nih.gov/ij/. 
23. D'Angelo, G.;  Duplan, E.;  Boyer, B.;  Vigne, P.; Frelin, C., Hypoxia up-regulates prolyl 
hydroxylase activity: a feedback mechanism that limits HIF-1 responses during 
reoxygenation. J. Biol. Chem. 2003, 278 (40), 38183-38187. 
24. Mosadegh, B.;  Saadi, W.;  Wang, S. J.; Jeon, N. L., Epidermal growth factor promotes 
breast cancer cell chemotaxis in CXCL12 gradients. Biotechnol. Bioeng. 2008, 100 (6), 
1205-1213. 
25. Chang, C.-W.;  Cheng, Y.-J.;  Tu, M.;  Chen, Y.-H.;  Peng, C.-C.;  Liao, W.-H.; Tung, 
Y.-C., A polydimethylsiloxane-polycarbonate hybrid microfluidic device capable of 
generating perpendicular chemical and oxygen gradients for cell culture studies. Lab 
Chip 2014, 14 (19), 3762-3772. 
26. Wang, S. J.;  Saadi, W.;  Lin, F.;  Nguyen, C. M. C.; Jeon, N. L., Differential effects of 
EGF gradient profiles on MDA-MB-231 breast cancer cell chemotaxis. Exp. Cell Res. 




27. Funamoto, K.;  Zervantonakis, I. K.;  Liu, Y. C.;  Ochs, C. J.;  Kim, C.; Kamm, R. D., A 
novel microfluidic platform for high-resolution imaging of a three-dimensional cell 
culture under a controlled hypoxic environment. Lab Chip 2012, 12 (22), 4855-4863. 
28. When conducting statistical analyses on the data, we compared the average movement 
toward and away from the oxygen source as positive values, and report p-values for those 
comparisons.   
29. Gilkes, D. M.;  Semenza, G. L.; Wirtz, D., Hypoxia and the extracellular matrix: drivers 
of tumor metastasis. Nat. Rev. Cancer 2014, 14 (6), 430-439. 
30. Semenza, G. L., Hypoxia-inducible factor 1: Oxygen homeostasis and disease 
pathophysiology. Trends Mol. Med. 2001, 7 (8), 345-350. 
31. Gilkes, D. M.; Semenza, G. L., Role of hypoxia-inducible factors in breast cancer 





CHAPTER 3 – A PH-SENSING OPTODE FOR MAPPING SPATIOTEMPORAL 
GRADIENTS IN 3D PAPER-BASED CELL CULTURES3 
1. Introduction and Background: 
In tumors, a combination of rapid cellular proliferation and aberrant vasculature leads to 
localized hypoxia and acidosis.1 Hypoxic cells rely on anaerobic glucose metabolism (i.e., 
glycolysis) for ATP production.2, 3 Glycolysis is energetically inefficient compared to aerobic 
glucose metabolism, and requires increased glucose consumption to maintain normal cellular 
function. Glycolysis results in an increased production of acidic byproducts—such as lactate and 
hydronium ions—which are effluxed from the cell, and accumulate in the extracellular space. 
This acidification of the extracellular space results in a reverse pH differential across the cell 
membrane.4 In healthy breast tissue, the extracellular pH (pHe) is ~7.4, while intracellular pH 
(pHi) is ~7.2. In breast tumors, the pHe can drop as low as ~6.5 while the pHi increases to ~7.4.
5, 
6 Cancer cells respond to acidosis by adopting aggressive phenotypes such as increased: radio- 
and chemo-resistance; proliferation rates; invasion into neighboring tissues and the eventual 
formation of metastatic sites, and; rates of mutagenesis and clastogenesis.4, 5, 7 Gradients of pH 
have also been shown to direct cellular invasion.8, 9 
Various in vitro culture platforms are available to quantify cellular responses in tumor-like 
environments.10-12 These platforms are preferred over traditional monolayer cultures for 
predicting in vivo responses as they contain the cell-cell contacts, extracellular matrices, and 
                                                 
3 This chapter previously appeared as an article in the Journal of Analytical Chemistry. The original citation is as 
follows: R.M. Kenney, M.W. Boyce, N.A. Whitman, B.P. Kromhout, and M.R. Lockett* (2018). A pH-sensing 




diffusion-dominated gradients found in poorly vascularized tumors.13-15 Paper-based cultures are 
an emerging platform in which 3D tumor-like structures can be assembled using equipment 
commonly available to any tissue culture laboratory.12, 16 These cultures combine the ease of 
assembly and analysis associated with traditional monolayer cultures. They also provide a means 
of evaluating cellular responses in 3D structures with experimentally defined compositions and 
extracellular gradients.  
Paper-based cultures, which were first described by Whitesides and colleagues,17  are 
prepared by seeding cell-laden hydrogels into wax-patterned sheets of paper. The hydrophobic 
wax borders isolate the cells into defined regions, allowing many cultures to be prepared in 
parallel on a single sheet of paper. We have used paper-based assays to quantify both cellular 
invasion18-21 and chemotherapy resistance22 in tumor-like environments. We have shown that 
cancer cells selectively invade regions of higher oxygen tension when placed in diffusion-limited 
environments where the cells are simultaneously exposed to overlapping gradients of oxygen, 
nutrients, signaling molecules, and waste products.  
To determine the role of acidosis in promoting invasion and drug resistance, there is a need 
for sensors capable of mapping the formation and maintenance of pH gradients in 3D cultures. 
When combined with the oxygen sensors previously developed in our laboratory,23 these sensors 
will also determine if there synergistic affects results from overlapping gradients of oxygen and 
pH.  
Traditionally pH has been quantified with glass electrodes, which are rigid in design and 
limit measurements to large areas. Multianalyte microelectrode arrays provide higher spatial 
resolution without sacrificing sensitivity, and have been used to quantify extracellular analytes 




alternative for in situ pH measurements as they are easily fabricated, miniaturized, and are 
available in many forms.26-31 Thin film optodes are especially attractive as they are easily imaged 
and unmatched in their ability to spatially resolve and quantify analytes in real-time.9, 32 Optodes 
have some disadvantages compared to electrochemical sensors, such as limited stability due to: 
dye leaching from the optode matrix; photobleaching upon prolonged exposure to ultraviolet 
light, and; sensitivity to changes in the composition of the medium being measured. Many of 
these disadvantages can be avoided by incorporating reference dyes or by selecting the 
appropriate sensing matrix.  
In this work, we fabricated and characterized pH-sensing thin films. By placing these culture-
compatible optodes in direct contact with a cell-containing paper scaffold, we were able to 
spatially and temporally map pH gradients over 48h using fluorescence microscopy. The pHe 
was determined from a ratio of two fluorescence intensities, which arise from a homogeneous 
mixture of pH-sensitive particles and pH-insensitive reference particles suspended in a 
polyurethane thin film. The pH-sensitive particles were short chitosan oligosaccharides labeled 
with fluorescein. The pH-insensitive reference particles were diphenylanthracene (DPA) 
encapsulated in polyacrylonitrile (PAN). The pH optode has a pKa of 7.61 ± 0.04 (I = 150 mM) 
and is most sensitive from pH 6.6 to 8.6, spanning pHe found in healthy breast tissue (~7.4) and 
breast tumors (~6.5).  
2. Experimental Section:  
2.1 Reagents.  
All reagents were used as received, unless otherwise noted. Fluorescein isothiocyanate and 
9,10-diphenylanthracene were purchased from ACROS Organics, HydroMedTM D4 from 




dimethylformamide, ethanol (200 proof), hydrochloric acid, hydrogen peroxide (30%), methanol, 
sodium chloride, sodium hydroxide, and sodium phosphate dibasic (anhydrous) were purchased 
from Fisher Scientific. Chitosan (low MW) and polyacrylonitrile (150,000 MW) were purchased 
from Sigma-Aldrich. Dubelco phosphate buffered saline (DPBS), HEPES, RPMI 1640 medium, 
and penicillin-streptomycin were purchased from ThermoFisher Scientific. Fetal Bovine Serum 
was purchased from VWR.  
2.2 Particle preparation and functionalization.  
pH-sensing particles were prepared using a protocol adapted from Lu et al.33 Chitosan (2.5 g) 
was digested in an aqueous solution containing 15 % H2O2 for 1 h at 85 
oC. The solution was 
centrifuged at 7500xg for 10 min and the supernatant filtered through Whatman 40 filter paper. 
Acetone (50 mL, 1 mL/s) was added to the filtrate and the resulting precipitate was washed twice 
with methanol (40 mL). The precipitate was re-dissolved in pH 9 water (20 mL), fluorescein 
isothiocyanate (FITC, 20 mg) was added, and the solution was stirred for 1 h. To precipitate the 
fluorescein-labeled chitosan, methanol (50 mL, 1 mL/s) was added to the solution. The 
precipitated particles were washed with methanol (4x, 40 mL) and then stored in 1 mL of 
methanol in the dark at 25oC.  
The labeled oligosaccharides were analyzed with gel permeation chromatography, on a 
Waters liquid chromatograph equipped with Waters Ultrahydrogel 250 and 120 columns (in 
series), a Waters 141 refractive index detector, and a Wyatt miniDAWN TREOS MALS 
detector. The chromatographic parameters include: a mobile phase consisting of 0.1 M acetate 
buffer (pH = 4.60) and 0.5 M sodium nitrate; a flow rate of 0.6 mL/min; a column temperature of 
25 oC, and; a sample volume of 100 µL. The labeled oligosaccharides have an average molecular 




pH-insensitive reference particles were prepared by co-precipitating 9,10-diphenylanthracene 
(DPA) and polyacrylonitrile (PAN), according to a protocol first described by Wang et al.32 PAN 
(0.3 g) was dissolved in 30 mL of DMF containing 3 mM DPA. To precipitate the particles, 70 
mL of water was added to the solution (1mL/s) followed by 20 mL of Brine (5.5 M NaCl, 
1mL/s). The mixture was then stirred for 1 h. Particles were washed with ethanol (5x, 100 mL), 
followed by water (4x, 100 mL), and then stored in 5 mL of water in the dark at 4 oC. 
The morphology and size of the PAN particles were characterized using scanning electron 
microscopy (SEM, Hitachi S-4700) at an accelerating voltage of 2.0 kV, a working distance of 
4.5 mm, and a magnification of 50,000x. For sample preparation, a single droplet of particles 
suspended in EtOH was deposited on a silicon support, dried, and then sputter coated with 13 nm 
of a AuPd alloy. The particles are 3.3 ± 0.6 nm in diameter (Figure S1). 
2.3 Film preparation.  
The sensing matrix was prepared by dissolving 1.2 g of HydroMedTM D4 in 14 mL of 95% 
(v/v) ethanol. A 1 mL suspension of the fluorescein-labeled chitosan was sonicated for 30 min, 
centrifuged, and then re-suspended in 4 mL of HydroMed D4. A 1 mL suspension of the DPA 
reference particles were sonicated for 30 min, centrifuged and resuspended in 0.33 mL of water 
before being added to the HydroMed D4. The sensing matrix (0.5 mL) was spin coated onto 18 
mm round PET films (overhead transparency, Staples®) for 10 s at 450 rpm. The freshly 
prepared films were placed in a clean Petri dish and dried overnight under ambient conditions. 
Prior to use, the films were rehydrated in DPBS for 48 h to remove any unreacted dye and then 
sterilized under UV light for 30 min. Film thickness was evaluated using a stylus profilometer 





2.4 Cell culture.  
MDA-MB-231 breast adenocarcinoma cells (ATCC) were transduced with lentiviral particles 
(LPP-MCHR-LV105-025, GeneCopoeia) according to the manufacturer’s protocol. Single 
clones of the mCherry-expressing cells (M231-mCherry) were selected. Cells were maintained as 
monolayer cultures at 5% CO2 and 37 
oC in 1640 RPMI medium with L-glutamine, 
supplemented with penicillin-streptomycin (1%) and fetal bovine serum (10%). Cells were 
passed when the culture was 70-80% confluent and medium exchanged every 48 h. 
2.5 Scaffold and holder preparation.  
Paper scaffolds were prepared as detailed previously.18 Three channels (11 x 2 mm) were 
wax-patterned onto both sides of Whatman 105 paper using a ColorQube 8570 printer. Scaffolds 
were baked for 15 min at 150 oC and then sterilized under UV light overnight. PET films were 
cut using a Silver Bullet® cutting machine, cleaned with ethanol, and autoclaved prior to use. 
Holders were prepared by laser cutting (Universal Laser Systems, ILS9.75) sheets of clear cast 
acrylic (McMaster-Carr). Both the top (6.25 mm thick acrylic) and the bottom (3.125 mm thick 
acrylic) pieces were laser cut with settings of: 100% power, 2% speed, and 1000 ppi. Holders 
were cleaned with ethanol prior to use. Detailed schematics of the paper scaffolds (Figure S2) 
and acrylic holders (Figure S3) are available in the SI. 
2.6 Flow cell device preparation.  
The flow cell used in this work consisted of a 6.35 µm thick polydimethylsiloxane (PDMS) 
flow guide sandwiched between two 3.175 mm thick acrylic blocks (Figure 1a). All components 
were laser cut, using the settings described above. The top acrylic block included three ports—




plug technique described by Capretto et al.34 Prior to device assembly, a pH sensing film was 
placed between the bottom acrylic piece and PDMS flow guide. Detailed schematics of each 
component of the flow cell (Figure S4) are available in the SI. 
2.7 Cell culture assembly and analysis.   
Cells were suspended in Matrigel at 150,000 cells/µL and stored on ice to prevent gelation. A 
2 mm x 2 mm section of each channel was filled with 1 µL of the cell suspension as depicted in 
Figure 2a. The remainder of the channel was filled with 2 µL of Matrigel. The cell-seeded 
scaffolds were incubated in culture medium for 4 h prior to being sandwiched between a pH-
sensing film and a PET film. The PET films were configured to either expose the entire culture 
to medium (an “open configuration”) or limit exposure to one end of the channel (a “closed 
configuration”). The entire stack was enclosed in an acrylic holder, placed in a 6-well plate, 
covered with culture medium, and incubated. 
Assembled devices were imaged with an Olympus IX70 inverted wide field fluorescence 
microscope. The assembled devices were housed in an incubator, which maintained the cultures 
at 37 oC and 5% CO2. Images were captured with a Hamamatsu Flash 4.0 V2+ sCMOS camera 
with a 4X/0.13 PhL UPlanFL objective. M231-mCherry cells were imaged with a 555/25 nm 
excitation and a 605/52 nm emission filter, with 400 ms exposure. pH-sensitive particles were 
imaged with a 490/20 nm excitation and a 525/36 nm emission filter, with 400 ms exposure. 
DPA reference particles were imaged with a 376/30 nm excitation and a 455/50 nm emission 




2.8 Statistical analysis.  
All values are reported as the average and standard deviation, unless stated otherwise. 
Datasets were analyzed with GraphPad Prism®. A two-way ANOVA with Tukey’s multiple 
comparison post-test was used to compare different datasets. A p value of <0.05 was considered 
significant.  
 
3. Results and Discussion: 
3.1 Sensor design and fabrication.  
We prepared a pH-sensing optode, which contained a mixture of pH-sensitive and pH-
insensitive particles (Figure 2c). The pH-insensitive particles served as a reference and 
eliminated the variations arising from inhomogeneity in film thickness, composition, or dye 
distribution. We selected the polyurethane hydrogel HydroMedTM D4 as our sensing matrix. This 
particular hydrogel is attractive for our applications as it is: commercially available; soluble in 
95% ethanol; easily prepared as a film with spin or knife coating; cell culture compatible, and; 
facilitates rapid proton transfer and thus provides temporal mapping of pH.35-40 It also is ideal for 
cell culture-based measurements as polyurethane films have low sensitivity to ionic strength,41-43 
ensuring the observed changes in fluorescence intensity were due to changes in the pH of the 
extracellular environment. This insensitivity to ionic strength can be attributed to the film’s 
neutral charge and high water content, which eliminates a discrete interface between the optode 
and culture medium.  
A number of cell culture appropriate pH-sensing optode formats have been described in the 
following review articles.26, 44 Some examples include a dual-dye system similar to those 




particle but can suffer from leaching or be costly.26, 37, 45 We chose fluorescein as our pH-
sensitive dye because it is inexpensive, has a relatively good photostability, and has a number of 
commercially available variants that allow for covalent attachment to a substrate.46 In this work, 
we used fluorescein isothiocyanate (FITC) to covalently attach the dye molecules to amine-
containing substrates. The pH-insensitive reference particles contained diphenylanthracene 
(DPA) molecules encapsulated in polyacrylonitrile (PAN).  
The first-generation films contained fluorescein-modified silica or polystyrene 
microparticles. Films containing the fluorescein-labeled silica particles were prone to extensive 
leaching of the dye despite thorough washing before use. Films containing the fluorescein-
labeled polystyrene particles did not suffer from leaching, but were difficult to reproducibly 
fabricate. We found that small changes in the labeling time resulted in significant shifts in pKa of 
the particle-immobilized fluorescein molecules, ranging from 6.90 to 7.95. 
The second-generation films, which were ultimately used in this work, contained fluorescein-
modified chitosan oligosaccharides. These oligosaccharides were generated by the oxidative 
degradation of low molecular weight chitosan polymers using a previously reported method.33 
These films had a pKa of 7.61 ± 0.04 at a physiologically relevant ionic strength (I = 150 mM), 
could be reproducibly prepared, and were not prone to leaching. The remainder of the 
experimental details presented in this work pertains to the second-generation films, which were 
spin coated onto circular PET films. 
3.2 Sensor characterization.  
To characterize the pH-sensing films and determine their suitability for prolonged cell culture 
applications, we measured their: i) pH working range and sensitivity; ii) temporal responsiveness 




conditions, and; v) cytotoxicity. When possible, we compare these values to other pH-sensing 
films that used HydroMedD4 as a sensing matrix (Table 1). To ensure the films could be 
reproducibly fabricated, we measured the variability across each film as well as between 
independently prepared films. To determine the variability across a single film, we divided the 
sensor into sub-sections and measured the average response within those regions. All reported 
values are from at least three independently prepared films.  
pH working range. We calibrated the pH-sensing films with a series of high ionic strength 
(I= 150 mM) phosphate buffered solutions ranging from pH 5.50 to 8.50. To best mimic the 
setup used in our cell cultures, we placed the films in a custom built acrylic holder (Figure 2a) 
adjacent to a wax-patterned paper scaffold. We measured the fluorescence intensity across the 
entire film with an inverted fluorescence microscope, and used a Boltzmann function (Figure 3a, 
Equation S2) to relate the fluorescence intensity ratio of the fluorescein and DPA particles as a 
function of pH. The average pKa of the chitosan-immobilized fluorescein molecules was 7.61 ± 
0.04, which is similar to the values others have found for fluorescein encapsulated in the 
HydroMed D4 gels.35-37  
The uniformity and reproducibility of the films ability to measure pH is quite good, with an 
RSD of 0.52% across a single film, and an RSD of 0.53% across three films. Using the slope of 
the calibration curve, we determined the films have a maximum sensitivity of 0.92, and can 
reliably resolve changes as small as 0.13 pH units within ±1 pH unit of the pKa. This pH range is 
appropriate for our paper-based tumor models, based on values reported in healthy breast tissue 
and in breast tumors (pH = 6.5 – 7.5). 
Responsiveness to changes in pH. To characterize the responsiveness of the pH-sensing 




two phosphate buffered solutions (20 mM, I=150 mM) with pH values of either 6.00 or 8.00. 
Using an inverted fluorescence microscope, we measured the fluorescence intensity of both dye 
molecules at 1 s intervals. The average response time (t90) across three independently prepared 
films was 20.7 ± 4.3 s (Figure 1b). The films were also reversible over at least 5 cycles (Figure 
1c). These response time and reversibility values are comparable to polyurethane-based pH 
sensors used in other works.38–40  
Film photostability. To evaluate sensor photostability, we measured the fluorescence 
intensity of both dye molecules across the entire sensor under constant illumination for 1 h at pH 
6.00 and 8.00. While we observed a decrease in signal for both DPA and FITC (Figure 1d), we 
are able to normalize the signal intensity to a film subjected to the same exposure conditions and 
account for any changes due to photobleaching (Equation S1). We also note that for our 
particular application, illumination was limited to a short period of time: 4 s over a 48 h period.  
Film cytotoxicity. To ensure the pH-sensing films were compatible with our cell culture 
setup, we seeded M231-mCherry cells in paper scaffolds and cultured them for up to 48 h in 
contact with either: a bare PET film, a PET film coated with HydroMedTM D4, or a PET film 
coated with a HydroMedTM D4 containing the fluorescein and DPA particles. After 48 h, the 
cultures were disassembled and the paper scaffolds imaged on a Typhoon 9400 scanner as 
described in previous publications.19, 22 The average fluorescence intensity of each cell-
containing region (Figure 3b) is statistically insignificant for all of the culture configurations, 
suggesting that our pH-sensing films are not cytotoxic over the duration of our experiments. 
Previous setups in our lab have utilized unmodified PET films to limit the exchange of oxygen 





Film stability. To confirm that the films were stable in culture conditions, we measured their 
fluorescein-DPA intensity ratio before and after a five-day incubation period in spent culture 
medium collected from M231-mCherry cells. We imaged the sensors in a pH 7.00 phosphate 
buffered solution and found there was no statistical significance in the measured pH value after 
prolonged exposure to culture medium (Figure 3c). 
3.3 Mapping pH gradients formed in paper-based channel cultures.  
To image the evolution of pH gradients in the paper channels, we sandwiched a cell-laden 
scaffold between a pH-sensing film and a PET film and enclosed the entire structure in an acrylic 
holder (Figure 2a). The PET films determined the level of exchange between the cells and 
culture medium. In the open configuration (Figure 4a), the entire culture was exposed to culture 
medium. In the closed configuration (Figure 4b), exchange with the culture medium was limited 
to one end of the channel. By limiting this exchange, we are able to generate a diffusion-limited 
environment similar to that found in poorly vascularized tumors. We have used these different 
culture configurations previously to quantify cellular invasion in real-time.18 To simplify data 
analysis, and focus on characterizing the pH-sensing film’s ability to map gradients in cell 
cultures, we sequestered the cells in the center of each paper channel with thin wax patterned 
lines that prevent invasion (Figure 2b).  
We imaged both the M231-mCherry cells and the pH-sensing film in situ, over the course of 
a 48 h experiment, with an inverted fluorescence microscope (Figure 4). Each assembled channel 
image is a composite of 5 individual images, which were stitched together at a 10% overlap 
using a custom FIJI macro (FIJI Macro S1). To enable quantitative image analysis, each 
individual image was subtracted using the camera offset and normalized to the uneven 




a spatial distribution of pH across the channel, while the different time points allowed us to 
visualize temporal changes. The resolution of the pH-sensing films is limited by the microscope 
objective, and able to spatially resolve a single pixel (2.62 mm2). Figure 4 contains 
representative images of the open and closed culture configurations after 1 h of incubation. 
Figures 4c and 4e illustrate the position of the sequestered M231-mCherry cells. Figures 4d and 
4f are the heat maps, which correspond to the spatial distribution of pH values, generated from 
the ratio of fluorescein and DPA fluorescence intensities.   
To better visualize changes in pH along the channel, we developed a macro to reduce the two 
dimensional image to a single dimensional profile by averaging every y-pixel for a given x-pixel 
across a 5 mm x 1.5 mm section (FIJI Macro S2). To demonstrate the film’s ability to map pH 
over an extended culture period, we generated representative profiles after 1, 6, 12, 24, and 48 h 
of incubation. Figure 4g is the profile for the open configuration culture. Figure 4h is the profile 
for the closed configuration culture. These profiles illustrate how the pH gradients evolve over 
48 h in our 3D tumor model. 
The pH profiles across the length of the closed configuration culture (Figure 4h) resemble 
those predicted for spheroids and solid tumor masses.47 The pH steadily decreases from the 
region of free exchange with culture medium (pH = 7.26 ± 0.07) to the edge of the cell mass, and 
continues to drop until the center of the cell-seeded region (pH = 6.54 ± 0.03). Over time, the 
slope of this pH gradient slowly decreases as pHe steadily increases in the center of the cell-
seeded region. These changes in pH at the center of the culture are statistically significant (p < 
0.50) between 1 h and 6 h, 6 h and 24 h, 12 h and 48 h. Images of the cell-containing region 
show a decrease in fluorescence intensity across the entire population with increasing culture 




activity caused by either nutrient starvation or apoptotic cell death. It is possible that as cells 
metabolic activity is altered, the buffering capacity of our culture medium is able to mitigate the 
reduced production of the acidic species, resulting in the observed increase in pHe.   
We note that the observed changes in the closed configuration are due to the culture 
conditions and not to pH-sensing films, as a starkly different result is observed for the open 
culture configuration. Here, the pH gradient is spatially consistent across the entire channel and 
temporally constant after the first hour (Figure 4g). We attribute the initial drop in pH to the 
acclimation of the culture medium to 5% CO2 conditions of the incubator. These results confirm 
that we are able to discern spatiotemporal differences in pH across paper-based cultures.  
4. Conclusion: 
This work describes the preparation and characterization of a pH-sensing thin film that can 
be directly incorporated into monolayer and 3D cell cultures. These sensors are prepared by 
suspending two different particles in a polyurethane hydrogel, which was then coated onto a PET 
film. The pH-sensitive particles are fluorescein-modified chitosan oligosaccharides. The pH-
insensitive particles were DPA molecules encapsulated in polyacrylonitrile. These pH-sensing 
films are the first, which we are aware of, to utilize chitosan as a support for the attachment of 
pH-sensitive molecules. The chitosan supports are ideal for film fabrication because, unlike other 
amine-terminated microparticles, they were not susceptible to leaching upon prolonged 
incubation in aqueous environments. The regular spacing of the amine groups on the chitosan 
oligomers also ensured reproducible labeling, resulting in independently prepared films with 
consistent pKa values and sensitivities.  
The pH-sensing films have a fast response time, are reversible, stable in long-term cultures, 




able to generate spatially resolved maps of pH across 3D cultures of cell-containing paper 
scaffolds. These films also allowed us to map the temporal evolution of the pH gradients across a 
48 h period.  
These pH-sensing films will enable studies of extracellular gradients on cellular movement, 
viability, and drug resistance. We will continue to use these films to spatially resolve pH 
gradients in our 3D cultures and determine how small changes in culture environment (e.g., 
cellular density, cell type, different conditions of limited exchange) manifest changes in gradient 
formation as well as cellular responses to those gradients. The ease of preparation and 
compatibility of these films with human cancer lines suggests they can be incorporated into other 
devices, and monitor pH gradient formation and maintenance in bacterial, eukaryotic, and other 
tissue-like cultures.  




5. Figures and tables 
Table 3.1. pH sensing thin films prepared in Hydromed polyurethane matrices 
Dye Incorporation into matrix t90 (s) pKa Ref. 
Fluorescein immobilized on chitosan  20 7.61 this work 
5-hexadecanoylamino 
fluorescein 
encapsulated 16 7.15 36 
OHButoxy-aza-BODIPY encapsulated 20 7.96 35 








Figure 3.1. pH sensor characterization. (a) Diagram of the flow cell used to exchange buffered 
solutions in contact with the pH-sensing film. (b) Fluorescein fluorescence intensity values as the 
buffered solution was exchanged from pH 6.00 to 8.00. The average response time (t90) of two 
subsections from three pH sensors was 20.73 ± 4.27 s. (c) Fluorescence intensity of fluorescein 
as pH 6.00 (low signal) and 8.00 (high signal) buffered solutions were delivered. Two 
subsections of three independently prepared films were monitored and demonstrated the pH 
sensor was reversible. (d) Fluorescence intensity of both the fluorescein- and DPA-containing 
particles subjected to constant illumination (490 nm or 376 nm). Reported values are the average 
of five subsections from three independently prepared films in pH 6.00 and 8.00 phosphate 






Figure 3.2. (a) Diagram of the pH-sensing film, which was integrated into the paper-based 
culture platform. A single sheet of paper, wax-patterned with three identical channels, was 
seeded with cells, sandwiched between a PET film and pH sensor, and placed in a custom made 
acrylic holder. (b) Representative micrographs of a (top) single channel seeded with mCherry-
expressing MDA-MB-231 cells, (middle) the pH-sensitive fluorescein particles, and (bottom) the 
pH-insensitive DPA reference particles. The wax lines were used to limit cellular movement 









Figure 3.3. pH sensor characterization. (a) Fluorescence intensity of the pH-sensing film when 
exposed to buffered solutions of different pH at 37 oC. The average pKa value of fifteen 
subsections from three independently prepared films was 7.61 ± 0.04 (I = 150 mM). (b) 
Fluorescence intensity of MDA-MB-231-mCherry cells seeded in paper-based scaffolds and 
cultured adjacent to the pH-sensing films for either 24 or 48 h. Fluorescence intensity values 
were normalized to the absolute fluorescence intensity measured on day zero, and are the 
average of ten biological replicates. (c) Fluorescence intensity of films, which were incubated in 
spent culture medium for 5 days, placed in a pH 7.00 buffered solution. Values are from ten 






Figure 3.4. pH sensing in paper-based cell cultures. (a) Diagram of the open culture 
configuration in which culture medium freely exchanges with the entire channel. (b) Diagram of 
the closed culture configuration in which medium exchange is limited to one side of the channel. 
Representative fluorescence micrographs of M231-mCherry cells in the (c) open and (d) closed 
culture configuration. Representative heat maps of the pH values across the cell-containing 
channels in the (e) open and (f) closed culture configuration. The vertical lines in images (e) and 
(f) are the wax lines, which were printed on the adjacent paper scaffold and used to isolate cell 
populations throughout the duration of the experiment. All scale bars shown are 250 mm. 
Average pH profiles across the cell culture over a 48 h period in the (g) open and (h) closed 
culture configuration. Each plot is the average across three cell cultures. We note that the cell-
containing regions represented by the dotted lines are also the average of three different cultures, 
and that differences in the shapes of these profiles is a result of manually seeding the cells in 
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CHAPTER 4 – PAPER-BASED TRANSWELL ASSAYS: AN INEXPENSIVE 
ALTERNATIVE TO STUDY CELLULAR INVASION4  
1. Introduction 
The Transwell assay is commonly used to evaluate the chemical cues that promote cell 
migration and invasion.1-3 This setup consists of two chambers separated by a porous 
membrane. In a typical experiment, cells are placed on one side of a membrane, both 
chambers filled with culture medium, and a chemokine of interest is placed in the chamber 
opposite the cells. At the experiment’s end, cells that moved through the membrane are 
stained and enumerated. In migration assays the porous membrane is unmodified. In 
invasion assays the membrane is first coated with a naturally derived or synthetic 
extracellular matrix (ECM).3, 4 Incorporating ECM serves two purposes. First, remodeling 
of the extracellular environment is a key step before movement in vivo and cannot be 
accounted for in migration assays. Second, cells cultured in the presence of an ECM have 
phenotypes that are more representative of those found in vivo than cells cultured as 
monolayers.5  
Commercially available Transwell inserts contain pore sizes suitable for cell culture 
(0.4 – 1.0  µm) or migration assays (3.0 – 8.0 µm). Each insert supports an individual 
experiment but can be combined with commercial well plates to accommodate up to 96 
experiments in parallel. Despite their simplicity, these devices are costly. Individual inserts 
                                                 
4 This chapter previously appeared as an article in the Journal of Analyst. The original citation is as follows: R.M. 
R.M. Kenney, A. Loeser#, N.A. Whitman, and M.R. Lockett* (2018). Paper-based transwell assays: An inexpensive 




can cost as much as $12.00 and 96-well formats as much as $300 per plate.6 Insert prices 
increase considerably if the membranes are pre-coated with ECM components. 
Our laboratory has developed a paper-based culture platform capable of quantifying 
cellular invasion in defined extracellular gradients.7-11 Paper-based cultures are an 
emerging and highly modular platform to generate tissue-like structures to quantify 
invasion, drug diffusion and metabolism, and evaluate cellular responses to oxygen- or 
nutrient-poor environments.8, 12-15 In this platform, wax-patterned paper scaffolds provide 
a culture environment with a defined volume. The cellulose fibers provide structural 
integrity to thin slabs of cell-laden hydrogel, which are prone to cracking upon tactile 
manipulation. The paper scaffolds are advantageous for Transwell-type applications 
because they can be readily prototyped, introducing experimental flexibility by changing 
parameters such as volume of the cell containing regions, composition of the matrix, cell 
type(s), culture configuration, , as well as paper thickness and porosity. 
Previous examples of invasion assays in paper-based scaffolds use laser cut devices capable 
of holding several scaffolds in conformal contact throughout the experiment. These other assays 
separate invasive cells by stratifying cells across multiple scaffolds in order to quantify invasion. 
The paper-based assay we present here separates cells into two populations: invasive and non-
invasive. The decreased resolution of the separation results in easier setup, making the platform 




2. Materials and Methods 
2.1 Cell Lines and Culture Maintenance. 
All reagents were used as received unless otherwise noted. All cell culture medium and 
additives were purchased from Gibco (Life Technologies) except for fetal bovine serum 
(FBS, VWR). 
MDA-MB-231 (M231) and MCF7 cell lines were purchased from ATCC and 
engineered to constitutively express mCherry with LPP-MCHR-Lv105-025 lentiviral 
particles (Genecopoeia) according to the manufacturer’s protocol. Reduction mammoplasty 
fibroblasts (RMF) were provided by Dr. Melissa Troester. Hepatocyte growth factor 
(HGF)-overexpressing reduction mammary fibroblasts (RMF-HGF) were provided by Dr. 
Bonnie Sloane. Each of these cell lines was described and characterized previously.16, 17  
M231-mCherry cells were maintained in RPMI 1640 medium supplemented with fetal 
bovine serum (FBS, 10% v/v), penicillin-streptomycin (1% v/v), and HEPES (25 mM). The 
MCF7-mCherry, RMF, and RMF-HGF cells were maintained in DMEM supplemented 
with FBS (10% v/v), penicillin-streptomycin (1% v/v), and HEPES (25 mM). All cells were 
maintained as monolayers at 37 oC and 5% CO2, culture medium exchanged every 48 h, 
and cells passed when 70-80% confluent. 
2.2 Paper-based Scaffolds. 
Wax-patterned Whatman 105 paper-based scaffolds were prepared as described 
previously.28 Prior to use, each scaffold was sterilized under ultraviolet light. Two designs 
were used in this work: 1) a single-zone scaffold, which fits directly into the well of a 96-
well plate and 2) a 96-zone scaffold, which matches the dimensions and spacing of a 




Detailed schematics and photographs of each scaffold are available in the ESI (Figs. S1–
5). 
2.3 Paper-based Transwell Assays. 
In the monoculture format, single-zone scaffolds were seeded with 0.5 µL of collagen I 
containing 75,000 serum-starved (overnight) mCherry-M231 cells (Fig. 1). Each scaffold 
was placed in the well of a clear bottom well plate containing 300 µL of culture medium. 
In the monoculture format, each well contained medium with 0.0, 0.5, 1.0, or 5.0 % v/v of 
FBS.  
In the indirect co-culture format, single-zone scaffolds were seeded with 0.5 µL of 
collagen I containing 75,000 serum-starved mCherry-MCF7 cells. Each well contained 
either conditioned medium taken from confluent fibroblast cultures or a monolayer of 
32,000 fibroblasts (RMF or RMF-HGF) in DMEM with 1% FBS.  
In the direct co-culture format, scaffolds containing either a 1:1 or 1:3 ratio of MCF7-
mCherry cells to fibroblasts (75,000 cells total) were added to wells containing DMEM 
with 1.0% FBS.  
All invasion assays were incubated for 48 h. Monocultures of cells were assessed with 
the Cell Titer Glo assay (Promega) according to the manufacturer’s protocol. Luminescence 
values were measured on a SpectraMax M5 plate reader (Molecular Devices). In co-culture 
formats, the mCherry-expressing cells remaining in the paper scaffolds and in the well 
plates were imaged with a Typhoon 9400 scanner (GE Life Sciences) as described 
previously,9 at a 100-µm resolution. Images were analyzed with ImageJ software.18 
Representative fluorescence image of cells in the scaffolds and collected at the bottom of a 




the well plates were imaged with an Olympus IX-70 fluorescence microscope equipped 
with a 10x objective. Representative brightfield and fluorescence micrographs of these cells 
are shown in Figs. S7 and S8.   
2.4 Traditional Transwell Invasion Assays. 
Transwell assays were performed in a Corning HTS Transwell 96-well plate containing 
polycarbonate membranes with 8 µm-diameter pores. Prior to usage, the membranes were 
coated with 50 µL of collagen I (1.2 mg/mL) and allowed to dry overnight. A suspension 
of 25,000 cells serum-starved M231-mCherry cells in 50 µL of serum-free RPMI medium 
was added to each insert. Each corresponding well contained 150 µL of RPMI medium 
containing 0.0, 0.5, 1.0, or 5.0% v/v of FBS. The assembled assays were incubated for 48 
h.  
The number of invasive cells on the bottom of the inserts was enumerated with a light 
microscope. Before counting the cells, each insert was fixed in ice cold 100% methanol for 
10 min, dried, and then stained with crystal violet for 10 min. 
2.5 Proliferation Assays 
A suspension of 2,500 M231-mCherry cells in RPMI medium containing 0.0, 0.5, 1.0, 
or 5.0% FBS was added to a 96-well plate. The cells were incubated at 37 °C and 5% CO2, 
and culture medium (100 µL) exchanged every day. Cell numbers were assessed with the 
Cell Titer Glo assay (Promega) according to the manufacturer’s protocol. Luminescence 




3. Results and Discussion 
3.1 Paper-based Assays have Similar Trends and Reproducibility as Traditional Transwell 
Assays. 
The simplest version of the paper-based Transwell assay involves a single-zone scaffold 
(Fig. 1), which fits directly into the well of a standard 96-well plate. Each scaffold was 6.5 
mm in diameter and contained a 3.0-mm seeding region surrounded by a wax border. The 
low-density wax border ensured the scaffold remained at the air-water interface throughout 
the experiment. 
In the following examples, we seeded mCherry-expressing M231 cells suspended in 
collagen I directly into the paper scaffolds. Each scaffold was then placed into the well of 
a clear bottom 96-well plate and incubated for 48 h in culture medium containing a 
particular exogenous factor. During the course of the experiment, the highly invasive cells 
escaped from the scaffold and attached to the bottom of the 96-well plate. To quantify the 
number of cells at the bottom of the plate and in the paper scaffolds at the end of the assay, 
we used Cell Titer Glo for monoculture formats or imaged each with a fluorescence flatbed 
scanner for co-culture formats. We have shown that there is a linear relationship between 
fluorescence intensity and cell number in the paper scaffolds for cell densities ranging from 
3,000 to 100,000 cells/zone.11  
To compare the traditional and paper-based Transwell assay formats; we quantified the 
invasion of mCherry-M231 cells through collagen in the presence of increasing 
concentrations of fetal bovine serum (FBS). We chose the M231 cells because they are 
highly invasive, with a mesenchymal phenotype.19, 20 We selected collagen over other 
matrices because it is readily purified, allowing us to probe cellular responses to 




a common chemokine that is known to promote cellular movement.21 In the traditional 
assay format (Fig. 2a), cells were placed atop a collagen-coated membrane and the number 
of cells that crossed the porous membrane counted on the underside of the membrane (Fig. 
2b). In the paper-based assay format (Fig. 2c), cells suspended in collagen were seeded into 
the scaffolds and the number of invasive cells determined from fluorescence images of both 
the bottom of the well plate and the paper scaffolds (Fig. 2d). In Fig. 2d, the number of 
invasive cells in the wells corresponds to the cells that crossed the porous membrane in the 
traditional Transwell setup; the gray bars correspond to the number of cells that remain in 
the scaffold. We did not measure the number of cells that did not cross the porous 
membrane in the traditional Transwell assay. 
In accordance with previous studies, the number of invasive cells in each format increased 
with increasing concentrations of FBS.21 When normalized to the 0.0% FBS, the paper-based 
assay and traditional Transwell assay produce similar results (Fig. 2e). The fold change in 
invasive cells between 0% and 5% FBS in both assay formats are statistically indistinguishable: 
1.84 ± 0.21 fold change for the traditional assay and 1.78 ± 0.17 in the paper-based assay (p = 
0.90). Furthermore, the paper-based assay showed corresponding fold changes for cells exiting 
and remaining the paper scaffolds (Fig. 2d). We also quantified the number of live cells at the 
bottom of the wells in the paper scaffolds with a fluorescence scanner, and found that the 
sensitivity of the scanner for 2D and 3D cultures is different (Fig. S9). A summary of these 
finding is available in the ESI. 
To confirm that the invasion trends observed in both assays were not confounded by 
cellular proliferation, we measured the doubling times of monolayers of M231 cells at each 




containing: ≤ 0.5% FBS did not increase significantly over a 5-day period; 1% FBS doubled 
every 161 h, and; 5% FBS doubled every 30 h. Given these rates of proliferation and the 
48 h invasion assays, we are confident the trends are indicative of cellular movement. 
We also compared the reproducibility of each assay format to account for the variable 
pore sizes and density of pores that are present in both Whatman 105 paper scaffolds and 
the commercially available Transwell inserts.22 In the paper scaffolds, these variations arise 
from an inconsistent density of cellulose fibers across a single sheet. Despite the 
heterogeneity within and across sheets of paper, our previous studies of cellular invasion 
through stack- or channel-based formats have yielded highly reproducible invasion 
results.7, 9, 11 Both setups had similar variances for n=15 replicates. For 0% FBS, the relative 
standard deviation (RSD) of invasive cell numbers was 13.4% for the paper-based assay 
and 18.3% for the traditional assay. For 5% FBS, the paper-based format had an RSD of 
10.4% and the traditional Transwell assay 11.7%. 
3.2 Paper-based Transwell Assays Support Direct and Indirect Co-culture Formats. 
In a second set of experiments we quantified MCF7 invasion in co-culture formats with 
fibroblasts (Fig. 3). Co-cultures can account for different aspects of cell-cell signaling present in 
vivo. We chose MCF7 cells because they have an epithelial phenotype,20, 23 but undergo an 
epithelial-to-mesenchymal transition (EMT) and adopt an invasive phenotype in the presence of 
chemokines such as hepatocyte growth factor (HGF) and transforming growth factor beta 
(TGFβ).24-26 We chose fibroblasts because they produce both of these chemokines. 
The simplest version of an indirect co-culture format exposes cells to conditioned 
medium, which contains growth factors and other metabolites excreted from cells. In these 




collected from a confluent monolayer of either RMF or RMF-HGF cells. The invasiveness 
of the MCF7 cells in the presence of the RMF medium was indistinguishable from control 
experiments with medium containing 1% FBS (Fig. 3b). The RMF-HGF conditioned 
medium increased MCF7 invasiveness and supports earlier works that showed HGF is 
a primary contributor to cellular movement of breast cancer cells.24-26  
While conditioned medium assays are easily setup, they do not account for temporal 
changes in factor secretion that arise from intercellular signaling. Continuous 
communication is important for factors such as HGF, which degrade quickly in culture 
medium.26 Figure 3a is a schematic of the indirect co-culture setup, which was prepared by 
placing MCF7-laden scaffolds into wells containing pre-formed monolayers of either 
32,000 RMF or RMF-HGF cells. The physical separation of the two cell types mimics the 
paracrine-signaling environment that occurs in a ductal carcinoma in situ, where a basement 
membrane separates cancerous and stromal cells. Figure 3b further supports the importance 
of HGF in promoting invasiveness as only the indirect cultures containing the HGF-RMF 
cells were statistically different from the control setups, that exposed monocultures of 
MCF7 cells to medium with 1% FBS.  
Figure 3c is a schematic of the direct co-culture setup in which scaffolds contained 
different ratios of either MCF7:RMF or MCF7:RMF-HGF cells. The localization of both 
cell types mimics the juxtacrine signaling that occurs in an invasive ductal carcinoma, 
where the basement membrane has been compromised and stromal cells invade the 
cancerous mass. In both formats, increasing the number of fibroblasts from 1:1 to 1:3 
increased MCF7 invasion statistically (Fig. 3d). Similar to the results observed in the 




cells. When compared to the MCF7 monoculture, the 1:3 ratio with RMF cells had a 2.4-
fold increase in invasion where RMF-HGF had a 3.2-fold increase. 
The differences in invasive response between the two co-culture setups are likely due 
to an increased concentration gradient steepness of HGF in the direct co-culture setup. The 
distance between the two cell types can have profound differences in the localized 
concentration of HGF. This proximity increases cellular response as higher concentrations 
of signaling factors with short half-lives can reach their target cell.26 In particular, the rate 
of diffusion outpaces the rate of HGF degradation, allowing higher numbers of the intact 
factors to reach their receptors. Others have shown that direct co- cultures result in gene 
signatures that are more predictive of tumor subtype than indirect co-cultures with similar 
cell types.25 
3.3 A 96-zone, Paper-based Transwell Assay. 
To demonstrate the scalable nature of the paper-based format, we constructed a device 
capable of supporting 96 assays in parallel. Figure 4 contains a schematic of the device, 
which is comprised of: (i) two acrylic 96-well inserts containing through-holes that enable 
delivery of medium to the bottom of the device; (ii) a sheet of Whatman 105 paper patterned 
with 96 individual zones; (iii) three silicone gaskets to prevent leaking between adjacent 
wells, and; (iv) an acrylic base plate. Once assembled, the components were compressed 
with a set of stainless steel screws. Detailed schematics of each component are provided in 
the ESI.  
Much like the single zone scaffolds, each of the 96 zones was seeded with cell-laden 
collagen, this time with a multichannel pipette. Once the device was assembled, 300 μL of 




We measured the invasion of n = 21 replicate zones containing mCherry-M231 cells in 
the presence 0.0, 0.5, 1.0, or 5.0% FBS. Similar to the single zone assays, we observed a 
statistically significant increase in the numbers of invasive cells with increased 
concentrations of FBS (Fig. 3b). The fold-increase ofinvasive cells from the control was 
substantially higher for each FBS concentration in the 96-zone format when compared to 
the single zones.  
While the throughput increased with the 96-zone format, the overall reproducibility of 
the assay decreased. The %RSD for the 96-zone format substantially larger than single 
zones for both 0 and 5% FBS: 22.7% vs. 13.4% and 39.0% vs. 10.4%, respectively. Two 
likely causes of this variance are: 1) an increased inconsistency in cell density that arose 
from seeding the scaffolds with a multi-channel pipette, or 2) differences in the medium 
composition that arose from cross talk between neighboring wells. We recently showed that 
96-zone paper scaffolds can be loaded consistently with a multichannel pipette with RSD 
values of: 10.6% - 21.4% across a single deposition; 8.6% - 19.9% across a multiple 
depositions with the same pipette tip, and; 15.1% across an entire plate.27 While 
reproducible seeding is user dependent and improves with practice, inconsistencies in cell 
density can be eliminated with the incorporation of liquid handlers capable of accurately 
and reproducibly seeding each zone.  
To determine if chemical cross talk was responsible for the disparities between the 
single- and 96-zone formats, we assembled a pre-soaked 96-zone paper scaffold into the 
device. The bottom wells were filled with a checkerboard pattern of fluorescein- or 
fluorescein-free culture medium. The fluorescence intensity of each well was measured 




fluorescence intensity of the fluorescein-containing wells decreased by 7% after 48 h. There 
was a slight, but significant, increase in the fluorescence intensity of fluorescein-free wells. 
Similar cross-talk problems were observed in other multi-zone paper-based devices,28 and 
will be addressed through gasket optimization and if necessary an alternative design. 
4. Conclusions 
The paper-based Transwell assay format offers both advantages and disadvantages over 
the traditional format. One advantage is that the paper-based approach is a cost-effective 
and accessible platform. Using the single-zone scaffolds and a commercially available well 
plate, the material costs for the paper-based format is approximately $0.09 per assay,29 a 
substantial saving compared to the $1.22 per assay in the traditional format.30 The paper 
scaffolds also provide an experimental modularity not afforded by the traditional assay by 
enabling the selection of matrix type, cell type(s), culture configuration, as well as paper 
thickness and porosity in-house. The 96-well format also has the modularity of the single-
zone formats, but requires the fabrication of a holder. The holder presented here can be 
prepared with a laser cutter, although other fabrication methods (e.g., 3D printing) could 
achieve a similar outcome.  
Both the single- and 96-zone formats highlight the ability of the paper-based scaffolds 
to easily separate two populations of cells that can be re-cultured or analyzed for secondary 
experiments. Furthermore, single zone scaffolds enable tactile manipulation of 3D cultures 
for experiments completed in traditional 96-well plates.   
With a series of demonstrations, we showed the single zone formats not only support 
the similar setups currently used in traditional Transwell assays but that the datasets support 




1) epithelial-like breast cancer cells are more invasive when cultured with HGF 
overexpressing RMF cells,24 and; 2) direct co-cultures promote higher levels of invasion 
than indirect co-cultures.26 We also note that datasets obtained with the paper-based and 
traditional Transwell formats yield similar trends and have a similar reproducibility. 
A perceived disadvantage of the single zone format is that cells are exposed to a single 
culture condition throughout the experiment as opposed to the gradients formed in 
traditional Transwell assay format. We note that cellular movement in the traditional assay 
formats is likely not due to this initial gradient, as they are transient and dissipate over the 
course of a few hours.31 In both setups, cellular movement is most likely the result of an 
overall increase in cellular movement and not a directional response (i.e., chemokinetic and 
not chemotactic in nature). 
 We envision the paper-based Transwell assay as an alternative format for labs that study the 
role of intercellular communication in promoting cellular invasion, and note that the cell-laden 





5. Figures and tables 
 
Figure 4.1. Photographs of a single zone, paper-based Transwell assay format. (a) Seeding a 
single zone paper scaffold with cells suspended in collagen, using a 2.5 µL pipette. (b) Top-view 
of single zone scaffolds floating at the air-liquid interface of individual wells of a commercially 






Figure 4.2. Representative assay setups. (a) Schematic of a traditional Transwell invasion assay 
used in this work. (b) M231 cell invasion through collagen-coated inserts after a 48 h exposure to 
medium containing increasing concentrations of FBS (n=15). (c) Schematic of the paper-based 
assay used in this work. (d) M231 cell invasion from collagen-containing paper scaffolds after a 
48 h exposure to medium containing increasing concentrations of FBS (n=5). All signals were 
normalized to 0.0% FBS. Each bar represents the average and standard deviation. (e) 
Comparison of M231 invasion in paper-based and traditional Transwell invasion assays (n=5). * 






Figure 4.3. Indirect and direct co-cultures in paper-based assays. (a) Schematic of the indirect 
co-culture format used in this work. (b) MCF7 (orange) invasion from collage-containing paper 
scaffolds after a 48 h exposure to conditioned medium (CM) or a monolayer of 32,000 
fibroblasts (green). All signals were normalized to 1% FBS. (c) Schematic of the direct co-
culture format used in this work. (d) MCF7 invasion from collagen-containing paper scaffolds 
after a 48 incubation in the presence of a 1:1 or 1:3 ratio with either RMF or RMF-HGF cells. 
All signals were normalized to their starting fluorescence signal. Each bar represents the average 






Figure 4.4. The 96-well format of the paper-based Transwell assay. A photograph of the (a) 
individual components of the 96-zone device include: (i) an acrylic top insert with a silicone 
gasket, (ii) a paper-based scaffold, (iii) a silicone gasket, and (iv) an acrylic bottom insert with a 
silicone gasket and bottom sheet of acrylic. Photographs of the (b) top- and (c) side-view of the 
assembled device. (d) M231 cell invasion from collagen-containing paper scaffolds after a 48 h 
exposure to medium containing increasing concentrations of FBS. Each bar represents the 
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CHAPTER 5 – MODELING TUMOR-LIKE MICROENVIRONMENTS WITH 3D 
PAPER-BASED CELL CULTURES 
1. Introduction 
In tissues, cells rely on mass transport for the delivery of nutrients and removal of waste 
products by the vasculature. Rapid cancer cell proliferation quickly outpaces the construction of 
vasculature during tumor formation, leading to localized hypoxia and acidosis.1 These hypoxic 
cell populations rely on glycolysis as their only source for ATP production.2, 3 In order to sustain 
the energy required for survival, these cells increase their glucose uptake which results in an 
increased production of acidic byproducts that accumulate in the extracellular space. Cancer cells 
respond to these harsh environments by adopting aggressive phenotypes such as increased radio- 
and chemo-resistance; increased proliferation rates, as well as increased potential for metastasis 
due to higher percentages of cells invading neighboring tissues.4-6  
To quantify cellular responses in tumor-like environments, various in vitro culture platforms 
have been developed.7-9 Transwell assays are the most common, as they are easily assembled and 
available in high throughput. Platforms that assemble cells in three dimensional (3D) structures 
are preferred over traditional monolayer cultures for predicting in vivo responses. These 3D 
environments are necessary to study tumor cell invasion as they contain the cell-cell contacts, 
extracellular matrices, and diffusion-dominated gradients found in poorly vascularized tumors.10-
12 Although Transwell assays have been adapted to support 3D cultures, they do not provide 




Multicellular aggregates of cells—spheroids or organoids--provide realistic tumor-like 
environments as 3D structures that rely on diffusive mass transport for nutrient and waste 
exchange. Spheroids have been used to build tumor-like environments and evaluate cellular 
response to emerging therapies.13, 14 These aggregates can be embedded in 3D hydrogels to study 
cellular invasion out of the tumor-like structure, but are otherwise limited to end-point assays 
without expensive imaging equipment. Paper-based cultures are an emerging platform used to 
assemble tumor-like structures that are more accessible and versatile than spheroids. Paper-based 
cultures can be quickly assembled using equipment commonly available to any tissue culture 
laboratory.9, 15 These cultures combine the ease of assembly and analysis associated with 
traditional monolayer cultures with the ability to evaluate cell response in defined extracellular 
environments.  
Thin sheets of paper can be patterned with hydrophobic wax to generate defined regions in 
which cell laden hydrogels can be seeded.16  The hydrophobic wax borders isolate the cell cultures 
in order to generate many cultures in parallel on a single sheet of paper. We have used paper 
scaffolds to adapt commercial Transwell assays into low-cost alternatives;17 construct a high 
throughput screening assay, which we used to evaluate for ER modulators;18 generate invasion 
assays19-22; assembled thick tissue-like stacks to evaluate chemotherapy resistance23. One of our 
main focuses is the use of paper-based scaffolds to generate tissue-like constructs in which we can 
evaluate the role of oxygen gradients in promoting phenotypes associated with aggressive cancers, 
namely drug resistance and invasiveness.  
In our paper-based invasion studies, we found that ER+ and ER- breast cancer lines MDA-
MB-231 and MCF7 selectively invade regions of higher oxygen tension when placed in diffusion-




overlapping gradients of oxygen, nutrients, signaling molecules, and waste products. With a series 
of experiments, we showed the oxygen gradient was a key factor in driving this selective invasion, 
as decoupling the oxygen from the other soluble gradients resulted in non-selective invasion.  
To better characterize the gradients that formed in the paper-based cultures, we developed 
optical sensors capable of mapping the formation and maintenance of oxygen24 and pH gradients25 
in 3D cultures. These sensing films provided spatial and temporal resolution of these gradients, 
allowing us to relate the role of hypoxia as well as acidosis in promoting invasion and drug 
resistance. In this work we combine these two sensors in a dual sensing film format to 
simultaneously evaluate oxygen concentrations, pH values, and cellular movement in our channel-
based invasion assay in order to relate cellular behavior to their corresponding microenvironment. 
We demonstrated our ability to easily manipulate the diffusive culture by exchanging culture 
membranes and cellular density.  
This work showcases paper-based cultures as a platform that can lend spatiotemporal insight 
into tumor-like cross sections that is currently unattainable with other 3D platforms. We were able 
to successfully model cross sections of breast adenocarcinoma (MDA-MB-231) masses that are 
similar to those found in other in vitro models. We studied cellular invasion in these tumor masses 
and found that cells have different invasive characteristics that are dependent upon their proximity 
to the nutrient supply and the presence of oxygen in the culture. We also found that when gradients 
of oxygen and pH are modulated, there is no impact on the invasive characteristics in this platform. 
 
2. Experimental Design: 
2.1 Platform design and setup 
We previously described two different formats of paper-based assays capable of quantifying 




is an ideal scaffold for preparing 3D cultures because it is commercially available and thus readily 
available to any laboratory performing cell-based experiments. Paper scaffolds have been readily 
patterned with a number of techniques including wax printing,26, 27 providing defined culture 
volumes separated by hydrophobic borders. The Whatman 105 paper used in our assays is 40 
microns in thickness. The fibers of the scaffold provide the mechanical strength needed to support 
the thin cell-laden gels, which are prone to break upon handling when unaided. 
In one format, individual paper scaffolds are placed in conformal contact to form a thick 
construct in which cells can move between the individual layers of paper. This stack assay format 
allowed us to separate and quantify cells based on their level of invasiveness, but was not 
compatible with real-time imaging of cellular movement due to the stacks overall thickness and 
the highly scattering nature of the fibers in the scaffolds. In a second format, cells were placed in 
a single paper scaffold that was patterned with channels of defined dimensions. In this channel 
assay format, we could image the cells in the scaffold and track their movement with an inverted 
fluorescence microscope.  
In this work, we modified the previous channel design to track cellular movement and 
formation and maintenance of oxygen and pH gradients in real-time, throughout 48h experiments. 
Figure 1 is a schematic of the assembled platform, whose individual components were aligned 
and sandwiched together using screws.  The optically clear acrylic top was laser cut to contain 
three slots that were directly aligned with the channels printed on the wax-patterned paper 
scaffolds. A thin membrane of polyethylene terephthalate (PET) or polydimethylsiloxane (PDMS) 
was placed between the top acrylic piece and the paper scaffold to limit the exchange of nutrients 
with fresh culture medium and selectively allow the diffusion of gases into the culture. The 




scaffold. Unlike previous designs, this solid acrylic piece reduced bubbles trapped during imaging. 
Once assembled, the platform fit directly into a 6-well plate that was filled with cell culture 
medium throughout the experiment. Schematics for all platform components are available in the 
SI (Figure S1-3). 
In our setup, we seed high numbers of cells throughout the entire paper-based channel. The 
cell-filled channels allowed us to account for movement in tissue-like structures, containing a large 
number of cells to act not only as physical barriers but to generate gradients of signaling molecules 
and waste products that can also regulate cellular movement. Many previous setups, including our 
own, tracked cells moving into open regions where there are no cells. These other setups also track 
small numbers of cells (approx. 10-30) moving from a single location, while we track a large 
number of cells (approx. 800) distributed along the gradients formed in the channels. To reliably 
track these cells and prevent overlapping cells, we only seeded a small population of cells that 
constitutively express eGFP or mCherry.   
2.2 Sensor design & fabrication 
Much like the microenvironment that forms across a spheroid or within a poorly vascularized 
tumor, the limited exchange between the culture and fresh medium results in extracellular 
gradients that are governed by the rate of consumption and production, outpacing the rate of 
diffusion. We are able to manipulate the microenvironment that form across the channel by either 
exchanging the selectively permeable films that limit exchange with the culture medium or 
changing the density of cells throughout the channel. 
To monitor the formation and maintenance of the oxygen and pH gradients, in a spatially 
resolved manner, we combined two previously developed sensors into a dual sensing thin film.24, 




tension (0 to 10 mmHg)28 and low pH (6.5 to 7.4) 5, 29. To incorporate the dual sensor into our 
paper-based platform, we coated the bottom acrylic piece with the oxygen sensor followed by the 
pH sensor. This dual layered sensor affords simultaneous measurements of oxygen concentrations 
and pH values across the culture platform. The oxygen sensing matrix was a solution containing 1 
mM palladium tetrakis(pentafluorophenyl)porphyrin (PdTFPP) and polystyrene. The palladium 
dye is dynamically quenched in the presence of oxygen, allowing us to relate luminescence 
intensity to oxygen concentration with Stern-Volmer relationship. The pH sensing matrix was a 
suspension of fluorescein labeled chitosan and diphenyl anthracene-polyacrylonitrile reference 
particles in a polyurethane hydrogel. Extracellular pH values were calculated by relating the ratio 
of fluorescence signal of fluorescein and diphenylanthracene to pH using an inverse four-
parameter logistic curve.   
3. Results: 
3.1 Monitoring invasion in paper-based cultures 
Using the spots analysis tool in the Imaris software package, we tracked the movement of a 
subset of cells, engineered to constitutively express the fluorescent protein mCherry, seeded 
across the entire channel of the paper-based scaffolds for 48 h (Figure 2a). Using the x-y 
coordinates of each cell at the beginning of the experiment, we calculated the total track length, 
track straightness, track displacement in x, and the track speed for each cell. Track length is the 
total path length traveled by each cell. Track straightness is the length of the vector displacement 
divided by the track length, a term used to describe the persistence of the cell movement. In the 
presence of gradients persistence is divided into a directional (chemotactic) or random 




coordinate that runs the length of the channel. Finally, track speed is the track length divided by 
the total time. A visualization of each of these parameters is shown in Figure 3.  
Figure 2 contains representative datasets collected from a 48 h experiment in which MDA-
MB-231 cells were seeded in a channel covered with a PET film. Our analyses were limited to 
the regions of the channel covered by the film culture because the significant cell proliferation 
and increased rate of movement in the nutrient rich culture medium was incompatible with the 
resolution provided by the 1 image/h time interval we selected to track the cells. We opted for a 
shorter time interval to minimize data generated. Additionally, we selected to limit our analysis 
to the first 2000 µm of the covered channel because we saw significant cell death past this in our 
PET covered channels seeded at a density of 37.5 k cells/µL (Figure 4). To simplify data 
analysis, we sectioned this part of the analysis region into eight equally spaced areas, but would 
like to comment that smaller or larger analysis regions are possible. 
Figure 2a is a fluorescence image collected from the optodes used to measure both oxygen 
tension and pH as a function of location in the channel. Figure 2b plots these intensity values as a 
function of their mean and standard deviation for each channel area. It also contains the tracks of 
~475 cells over the course of the 48h experiment. Figure 2a also contains the tracks for each cell 
throughout the 48 h period. This data is plotted as a function of average and standard deviation of 
the track length and straightness for each channel area. We note several important conclusions 
that can be drawn from these two datapoints. First, is that total number of mobile cells is the 
same at the start of the experiment, but steadily decreases with time. Second, the track length 
decreases as the distance from the nutrient source increases. Third, the straightness of the cells 
appears to increase the distance from the nutrient source increases. These invasion trends 




source, while movement is slightly more persistent as you move away from the same source of 
nutrients. 
3.2 Cell density impacts gradient steepness  
Unlike spheroid or organoid structures, whose cell density is defined by the cell type and 
whose microenvironment is defined by the diameter of the cellular mass, we are able to 
manipulate the tissue microenvironment by altering the density of cells seeded in the paper 
scaffolds.  We previously showed that oxygen gradients form across cell-seeded regions,24 and 
hypothesized this drop was caused by cellular consumption outpacing oxygen diffusion into the 
culture. To confirm that gradient steepness is dependent upon cell density, we measured oxygen 
levels for three different densities: 37.5, 75, and 150 cells/µL. The concentration of oxygen at the 
beginning of the channel, the steepness of the gradient, and the distance into the channel where 
cells reach hypoxia (<10 mmHg) were all density dependent. The oxygen concentration at the 
beginning of the channel decreased from 45 to 2 mmHg (Figure 3a). As density decreased, the 
distance to which the oxygen gradient extended into the channel also increased (750 µm).  
A common consequence of hypoxia is an increased reliance on glycolysis, which produces 
more acidic species. The dual sensor allowed us to probe changes in extracellular pH at the same 
time as oxygen tension, confirming the cells were responding to changes in the 
microenvironment. Profiles of pH follow a similar trend observed with the oxygen sensor. In 
cultures with low cell density, we observed a pH drop from 7.35 to 7.07 (Figure 3b). At higher 
cell density, we observe a drop in pH from 7.13 to 6.95. This drop in pH range corresponds to 




3.3 Cell density does not impact cell movement 
We found that track length decreases for all three cell densities as you move away from the 
nutrient source (Figure 3c). Similarly, regardless of seeding density, we see an increase in track 
straightness (Figure 3d). Since straightness is calculated using track length, this slight increase 
can be attributed to the cells moving a shorter distance. 
We evaluated displacement in x because we were interested in relating these findings to other 
endpoint assays that evaluate bidirectional invasion like our previous work, which monitored the 
bulk invasion of fluorescently labeled cells in paper-based channels.19 Our original method 
related the shift in center of mass (in the x-direction) of a large fluorescent population of cells to 
cell invasion. We found that there is no spatial trend in displacement in x along the channel, but 
the displacement is consistently in the negative x-direction, toward the nutrient source (Figure 
3e). This corroborates findings in our previous work, where we observed that cells selectively 
invade toward the nutrient source. This suggests that our previous approach to monitor bulk 
invasion is valid and can be used as simplified approach to evaluate the directionality of cell 
invasion.  
Finally, we evaluated the average track speed of cells cultured at all three densities (Figure 
3f). We found that track speed decreases as you move away from the edge of the PET film 
covering the culture for all three densities. This trend corroborates the trend that we see with 
total track length.  
3.4 Cell density impacts spatial distribution of live and dead cells 
While cellular density affected the gradients formed across the channel, it is not clear if these 
environments affected cellular viability. We measured the viability of the cells at each seeding 




scaffolds after staining with fluorescein diacetate (FDA) and propidium iodide (PI) (Figure 5). 
Cell density affected the spatial distribution of live cells throughout the scaffolds, with the total 
number of viable cells per channel decreasing with density. As the density of cells increases, the 
population of dead cells extends closer in the channel.  
3.5 Cellular response and environment changes over time 
In addition to the spatial information, we were able to obtain temporal changes in both the 
microenvironment and cellular movement. While the Figure 3 provides a temporal snapshot of 
the gradients after 48 hours, it does not indicate if the culture environment remained static 
throughout the experiment. Upon mapping oxygen and pH gradients in 6 hour increments, we 
observed that oxygen and pH values steadily decrease overtime in each channel area. Acidic and 
hypoxic regions extend closer to the opening of the culture. culture steadily becomes and 
maintain the general drop that extends into the channel. Figure 3h provides the average cellular 
speed but does not indicate if this movement was sustained throughout the experiment. The cell 
tracks shown in Figure 1a, in fact, suggest speed was not maintained. Figure 4 displays temporal 
snapshots of paper-based channels filled with cells (37.5k/µL), taken at 6 hour increments. We 
observed that the degree of invasion shifts spatially over time (Figure 4). At early time points 
(<12h) invasion is approximately even across the channel at about 20 µm/h. As time increases, 
invasion remains at about 25-30 µm/h in the back half of the channel, but continues to steadily 
increase in the first three sections, up to 45 µm/h.  
3.6 The microenvironment impacts cell response  
We showed previously that the microenvironment formed in the paper-based cultures can be 
manipulated by introducing materials that allow for the selective exchange between the cells and 




which is permeable to gases, we were able to ensure the entire culture was oxygenated while 
maintaining small molecule gradients such as nutrients and pH.  
We found that the pH was lower in the PET-covered culture, but both setups maintained pH 
gradients extending into the channel (Figure 6a). In these setups, we compared the invasion of 
cells and observed that cells in the PDMS setup have a shorter track length and are moving 
equally in each channel location (Figure 6b). However, we do see that cells in the PDMS setup 
have a greater track straightness, but this is likely because cells are moving very short distances, 
which falsely augments their persistence. 
4. Discussion: 
4.1 Easily engineering tumor-like gradients with paper-based cultures 
Microfluidic devices offer exquisite control over the spatial and temporal gradients of small 
molecules that are delivered to monolayer and 3D culture formats.30 These spatially defined 
gradients of soluble factors can be delivered as step functions, by joining multiple streams in a 
laminar flow manner, or as sloping gradients through the incorporation of mixers.31 Simulations 
to predict gradients in these devices have been developed and are often verified with dyes. In 
some cases, sensors for specific analytes have been incorporated into microfluidics.32  
Nutrient exchange and distribution in tissues is dominated by diffusion. Therefore devices, 
like microfluidics, that constantly exchange medium, are unable to mimic that aspect of tissue 
and remove key products produced by cells that impact cellular response.33 Other platforms, like 
spheroid assays, rely on the mass transport of nutrients through a diffusion-consumption model, 
which more accurately models the delivery of nutrients to avascular tissues in vivo.34 Although 
spheroid platforms are capable of generating more realistic gradients then microfluidics, they are 




continuously. It is possible to manipulate gradients in spheroid cultures by increasing the size of 
the spheroid, which can lead to extensive culture time. 
By incorporating a dual sensor into paper-based cultures, we are able to monitor 
spatiotemporal gradients of oxygen and pH. We control the diffusion-generated gradients, which 
are more realistic, in our paper-based platform by covering our culture with selectively 
permeable membranes and limiting the exchange of culture medium to one end of the cell 
culture. Using impermeable PET films in our platform, we verified that we can generate and 
monitor overlapping oxygen and pH profiles similar to those found on the surface and center of 
spheroid cultures.34-37 
Unlike spheroid assays, we selectively removed gradients with permeable membranes. In 
order to investigate the role of oxygen on cellular response, we exchanged the membrane in our 
culture with a film of PDMS (oxygen permeable). In PDMS covered cultures, we found that pH 
values were higher when cells were supplied with oxygen. Cells experiencing hypoxia rely on 
glycolysis for ATP production, a process that naturally produces more acidic species.5 Given this 
increased rate in the production of acidic species, a decrease in pH is expected for PET-covered 
cultures compared to the PDMS-covered culture. Others have developed selectively permeable 
membranes38 that could be used in our work.  
In this work we take advantage of the versatility of this platform to quickly manipulate the 
gradients by simply changing the initial seeding density. Increasing cellular density increases 
cellular consumption, which further manipulates the gradients observed in the culture. Using our 
dual sensor, we observe a substantial drop in oxygen and pH that extended down the channel. 
This platform could be used to model changes that occur upon a change in the tumor size as 




4.2 Generating stratified populations found in tumor cross sections 
Spheroid cultures, like tumors, can be characterized by three regions: proliferative, quiescent 
and a necrotic core.8, 35, 41 These regions arise from diffusion-limited delivery of key metabolites 
(e.g. oxygen, glucose, waste removal). Characterization of these cell populations has revealed 
distinct metabolic profiles,40 which should be considered upon the design of new therapies. 
Previously, we stacked 12-cell laden scaffolds in a tumor-like cross section and found stratified 
populations of cells after staining for live, dead and proliferative populations.23 We used this 
paper-based stack format to characterize the effectiveness of SN-38, a chemotherapeutic agent, 
and discovered differential potency based upon the location and culture environment. To identify 
similarly stratified populations of cells in our channel assay, we stained cells cultured in our 
channels for live (FDA) and dead (PI) populations and their corresponding gradients of oxygen 
and pH. We observed similar population distributions in three distinct regions: high numbers of 
live cells (normoxic), mix of live/dead (hypoxic, decreasing pH), and primarily dead cells 
(anoxic, acidic). We suggest that this cell stratification closely resembles the proliferative, 
quiescent and necrotic regions found in spheroid cultures. By manipulating the density of the 
seeded population, we are able to mimic the changes in the stratification of these populations 
when the tumor size increases.   
4.3 Tracking cells within tumor-like microenvironments 
In previous paper-based works we showed that a number of cell types cultured in the 3D 
environments selectively invade regions of higher oxygen tension and nutrients.19 In these 
setups, cells moved into regions containing only extracellular matrix, mimicking the outward 




diffusive gradients, found that cells invade cell-free regions at an average of 100 µm over 48 h42 
which agrees with the findings of our previous study.  
In this work, cells invaded regions already containing cells, mimicking the structure more 
representative of a solid tumor. In this format, the average x-displacement (10 µm) over 48 h was 
substantially less than the average outward movement into cell-free regions of single scaffold 
containing similar sized channels (80 µm19). This decreased displacement is expected in high 
cellular density masses, as observed by Quake and colleagues.43 The mobility of the cells in our 
setup was dependent on their distance from the nutrient source, with cells closest to the source 
moving substantially more (200 µm track length, on average) than cells from furthest from the 
source (100 µm track length, on average). This change in invasion is likely due to the drop in 
available nutrients. In cultures fully perfused with oxygen, cells had an average track length of 
50 µm, which is substantially less than hypoxic cultures. Others have shown that cells 
experiencing hypoxia are more invasive,44, 45 which agrees with these findings.  
Increasing the density of cells in the channel caused a substantial change in the oxygen and 
pH profiles but did not alter the average track length, straightness, displacement in x, or speed. 
Others monitoring cell invasion within spheroids have observed similar patterns of invasion,46 
and also observed that the total number of mobile cells increases with increasing densities in 
microfluidic devices.42 Although there is no obvious correlation between cellular invasion and 
the change in oxygen concentration or pH, we do observe changes in invasion according to their 
proximity to the nutrient source, which suggests that other microenvironmental factors are at 
play.  
Cellular hypoxia is linked to an increased in cellular invasion in vivo.44, 45 In paper-based 




than hypoxic cultures. Cultures supplied with oxygen are significantly less invasive, traveling an 
average of 50 m, and have no spatial changes in track length that might correspond to other 
small molecule gradients that are maintained (e.g. pH, glucose, waste). This suggests that oxygen 
has a role in increasing the sensitivity of cells to other small molecule gradients, but does not 
direct cellular invasion itself. We suggest that cells experiencing hypoxia have an increase in 
sensitivity to other overlapping small molecule gradients that exist in the tumor-like cross 
sections. In this case, outward movement of cells within the mass is stochastic, as cells are 
adequately supplied with nutrients on the outer sections of the mass, giving the appearance of 
directional movement toward the nutrient supply. Further investigation is necessary in order to 
deduce what chemokines supplied to these cultures cause this spatially differential behavior in 
invasive cells. 
4.4 Relating spatiotemporal gradients to cellular invasion 
The real-time imaging capabilities that come with the single scaffold format affords temporal 
information about cell displacement, oxygen concentrations and pH values, but in more relevant 
microenvironments. We observed spatiotemporal changes in paper-based channels seeded with 
MDA-MB-231 cells. When these cultures were covered with PET films (hypoxic), we observe 
that cell displacement continues to increase over time, but only in channel areas closest to the 
opening in the PET film. Upon evaluation of the microenvironment, we see that oxygen and pH 
values steadily drop over time. This type of temporal characterization lends information about 
highly invasive populations, cellular consumption, and the evolving external environment. This 
time-based information may be particularly relevant for the design of therapies that are sensitive 




5. Materials and Methods 
Cells and Culture Reagents. All culture reagents were purchased from Gibco except for 
fetal bovine serum (VWR) and growth factor-reduced Matrigel (BD Biosciences). 
Single clones of MDA-MB-231 breast adenocarcinoma cells (ATCC) were engineered to 
constitutively express either green fluorescent protein or mCherry with lentivirus particles 
purchased from GeneCopeia (LPP-eGFP-LV105-025 and LPP-MCHR-Lv105-025) according to 
the manufacturers protocol. Cells were maintained at 37oC and 5% CO2 in phenol-free RPMI 
1640 medium supplemented with 10% FBS, 1% penicillin-streptomycin, and HEPES. Culture 
medium was exchanged every 48 h and cells were passed when they reached 70-80% 
confluency.  
Scaffold and Holder Preparation. Each of the components of the assembled culture 
platform shown in Figure 1 were previously detailed.19 In this work, Whatman 105 paper was 
wax patterned with a Xerox ColorQube® printer to contain three 11 x 2 mm channels. 
Polydimethylsiloxane (PDMS) films (1 mm thick) were prepared by casting a mixture of 
Slygard® 184 silicone elastomer curing agent and base (1:10 ratio, Dow Corning) in a petrie 
dish. Films were laser cut (Universal Laser Systems, ILS9.75) with the setting of: 100% power, 
3% speed, 1000 ppi and sterilized with ethanol prior to use. Acrylic holders were prepared by 
laser cutting (Universal Laser Systems, ILS9.75) sheets of clear cast acrylic (McMaster-Carr). 
Both the top (6.25 mm thick) and bottom (3.125 mm thick) were laser cut with setting of: 100% 
power, 2% speed, and 1000 ppi. All components were sterilized prior to use. Paper scaffolds 
were sterilized under UV light for 30 minutes; the PET and PDMS films were sterilized with UV 




paper scaffolds, PET films, PDMS films, and acrylic holders are available in the Supporting 
information. 
Sensing film preparation. The preparation and characterization of pH-sensing and pH-
insensitive reference particles were detailed previously.25 The pH-sensitive particles are 
fluorescein-labeled chitosan. The pH-insensitive particles are co-precipitated mixtures of 9,10-
diphenylanthracene and polyacrylonitrile.   
The preparation and characterization of the oxygen-sensitive films, which are composed of 
Pd(II) meso-tetra(pentafluorophenyl)porphine dyes suspended in a polystyrene film, were 
detailed previously.24 
To prepare the dual sensing films used in this work the oxygen sensing matrix was coated 
onto the bottom acrylic pieces. Immediately following this, the pH sensing cocktail was spin 
coated on top of the oxygen sensor. Films were re-hydrated and sterilized as described 
previously.25 Calibration curves were generated for both sensors.  
3D cell culture assembly. Parental M231 cells were suspended in Matrigel at 37,000, 
75,000, or 150,000 cells/µL. For experiments with cell tracking, 3,000 cells/µL were 
fluorescently labeled cells containing eGFP or mCherry. Cell suspensions (3 µL) were seeded 
evenly throughout a 11 x 2 mm channel patterned in paper. The cell-seeded scaffolds were 
incubated in culture medium for 4 h prior to being enclosed in an acrylic holder adjacent to a 
PET or PDMS film. Once assembled, the holder was placed in a six-well plate, covered with 
culture medium, and incubated for 48 h.  
Image collection. Assembled devices were imaged with an Olympus IX70 inverted wide 
field fluorescence microscope. Each assembled device was placed in a 6 well plate, containing 




at 37 oC and 5% CO2. Images were captured with a Hamamatsu Flash 4.0 V2+ sCMOS camera 
with a 4x/0.13 PhL UPlanFL objective. M231-mCherry cells were imaged with a 555/25 nm 
excitation and a 605/52 nm emission filter, with 400 ms exposure. M231-eGFP cells were 
imaged with a 490/20 nm excitation and a 525/36 nm emission filter, with 200 ms exposure. pH-
sensitive particles were imaged with a 490/20 nm excitation and a 525/36 nm emission filter, 
with 200 ms exposure. DPA reference particles were imaged with a 376/30 nm excitation and a 
455/50 nm emission filter, with 50 ms exposure. Oxygen sensing films were imaged with a 
555/25 nm excitation and a 605/52 nm emission filter, with 400 ms exposure. Each channel was 
capture with a series of 5 sequential images for each fluorescence cube and imaged every 1 h. 
The spatial resolution of each image is a single pixel, 2.62 µm2. 
Image analysis. Prior to stitching the collection of images that spanned the channel together, 
each image was subtracted using the camera offset and normalized to even the illumination field 
prior. The images were stitched together, using a 10% overlap to help with alignment, using a 
custom FIJI macro we adapted from work described previously (FIJI MACRO SI 1).25 To 
remove slight vibrations that occur during imaging, each channel composite time point image 
was registered to the first time point using the StackReg plugin available with FIJI.(we will need 
to cite, if the plugin has a reference that is better than just FIJI).  
Plot profiles of oxygen and pH sensors were generated from the opening of the PET or 
PDMS film to the end of the channel using a macro we developed (FIJI MACRO SI 2). This 
macro outputs the average intensity of 600 y-pixels for a every x-pixel along a user drawn line. 
The values for every time point are exported to an excel file for further manipulation. Values 




Imaris analysis. Sequences of cell images were imported into the Imaris software package 
and the movement of each cell tracked with the spots function. Imaris is able to identify 
individual cells (as spots) and track their x, y, and z location over time and output statistical 
information regarding their movement. In each analysis, a region of interest was identified using 
a 1500 x 600 pixel box that we outlined. This region of interest corresponded to the cell-filled 
area, starting at the edge of the film covering the culture. Using the spots detection wizard we 
used the following settings. The estimated cell diameter was 18 µm with background subtraction 
enabled. Region growing settings were: local contrast, threshold 0.661285, diameter calculated 
form volume. Tracking settings were: autoregressive motion, max distance was 75 µm, max gap 
size was 3, fill gap was enabled. Tracks were filtered above 10 µm. Cell position, time, track 
length, displacement, straightness and speed were exported into Microsoft excel. Cell spots 
identified in the first timepoint were processed. Cell tracking data was sorted by x-location along 





6. Figures and tables 
 
Figure 5.1. An (a) exploded and (b) condensed side view of the paper-based culture platform 
integrated with a dual thin film sensor. The assembled platform contains (1) a transparent acrylic 
top piece, (2) a PET or PDMS film to restrict exchange of culture medium with cells in the 
channel, (3) a single wax-patterned paper scaffold containing three channels, (4) a transparent 
acrylic bottom piece, coated with the dual oxygen and pH sensor (blue in color), (5) and screws 






Figure 5.2. Thin films provide 2D visualization of the oxygen and pH gradients that form across 
the paper-based scaffolds, and also allow for cell tracking throughout an experiment. Data shown 
represent a single channel, seeded with 37.5 k/µL M231 cells. (a) Spatial maps of pH (top) and 
oxygen (bottom) as well as the total track length of individual cells. The pH and oxygen values 
are the average over 48 h. The track lengths are one-hour increments over a 48h period. (b) Plot 
profiles of pH (red) and oxygen (blue) were generated across the cell culture. Each point is the 
average and standard deviation for at least 155 points. (c) Plot of the average track length and 
average straightness of cells across the channel, divided into 250 µm subsections. Each point is 





Figure 5.3. Cellular density affects on gradient formation and cellular movement, for three 
densities: 37.5 k (blue), 75 k (red), and 150 k (green). Each culture was covered with a PET film. 
Each value is the average and SEM of 250 µm subsections along the channel, relative to the 
opening of the PET film. Averaged values are of cells according to their starting position in the 
channel. Gradients of (a) oxygen and (b) pH were generated from images of oxygen and pH thin 
film sensors juxtaposed to paper scaffold (t = 1 h). Each point is the average and standard 
deviation of at least 155 points. Average and standard error of the mean (e) track length, (f) 
straightness, (g) displacement in the x-direction, and (h) speed over the 48 h culture were 





Figure 5.4. Temporal changes in gradients and cellular movement throughout the channel during 
a 48h experiment containing 37.5 k cells/µL, covered with a PET film. Intensity of color on each 
map describes the average signal for each channel area, in 6-hour increments, over a 48 h culture 
of MDA-MB-231 in paper-based channels. Depicted is (a) displacement in the x-direction 
toward the source of oxygen, b) oxygen gradient and c) pH gradient. Each point is the average of 





Figure 5.5. Fluorescence micrographs of parental M231 cells in the paper-based scaffolds after a 
48 h incubation and stained for live (FDA) and dead (PI) populations. Each channel contained: 
(a) 37.5 k, (b) 75 k, or (c) 150 k cells/µL. Datasets of gradients and cell movement were within 
the region outlined by the dotted lines. Extensive proliferation after 48 h of incubation is evident 
in the open region for each cell density and does not accurately depict starting cell number. Scale 








Figure 5.6. Comparison of the pH gradient and cellular movement in the paper-based channels, 
covered with films of PDMS and PET. (a) Cultures contained pH sensors to monitor culture 
acidity and were simultaneously imaged over 48 h. Gradients of pH were generated for the PET 
(blue) and PDMS (red) setups. Each point is the average and standard deviation of at least 155 
points. (b) Average and standard error of the mean for track length (black) and straightness 
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APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER 2 
 
Figure S1.  Schematic of a paper-based scaffold, designed in Adobe Illustrator: A) entire 
scaffold, and B) a single channel from the scaffold. The 2 mm holes on each side of the scaffold 
are present for assembling purposes and the red lines, which are wax printed, guide seeding and 






Figure S2. Schematic of cellulose acetate transparency films, designed in Adobe Illustrator: A) 
open design, B) partially open design (oxygen gradient), and C) closed design. The 2 mm holes 








Figure S3. Detailed schematic showing each side of the A) top and B) bottom halves of the 
stainless steel holder used in the paper-based chemotaxis assay. Each holder contained three 12 x 
3.3 mm channels, four (2.3 mm) holes for combining both halves with four (2-56 x 1/4 in.) 
screws, and two (1.8 mm) holes for alignment purposes during assay assembly. All values are in 








Figure S4. Representative images of a single invasion channel at the beginning of the 
experiment (t = 0 hours, green), after 24 hours (red), and 48 hours (blue) of incubation in the A) 
presence and B) absence of an oxygen gradient. Each image is a series of three images, stacked 
to show cellular movement in the channel as a function of culture time. Individual images of 
cells distributed in the channel at 0, 24, and 48 hours, in the B – D) presence and F – H) absence 







APPENDIX B: FIJI MACRO FOR CHAPTER 2 
//Image processing macro for ImageJ (NIH) to analyze images of paper-based channel invasion 
////////////////////////////////////////////////////////////////////////////////////////////////// 
//Definitions: 
// 1) Distance markers: wax-printed distance markers on the top and bottom of the  
// channel at 3.0, 4.0, 5.5, 8.0 and 9.0 mm (Figure 2A). These markers are fluorescent. 
// 2) Orientation marker: wax-printed marker on the right end of the channel. This marker spans  
// the width of the channel (Figure 2A) and is fluorescent. 
// 
//This macro will: 
// 1) Allow the user to select a root folder with images corresponding to multiple time points of  
// the same channel. 
// 2) Open the first image in the root folder (time point = 0 h), and convert it into a 16-bit image i 
// if its bi depth is greater than 16-bit. 
//3) Prompt the user to make an initial line selection. This line should underline the upper 
// distance markers running along the length of the channel. The image is then rotated based  
// on the slope of this line. 
// 3) Find the channel orientation marker, and use it to build a “bounding box” within the  
// channel, spanning from the 3.0 mm distance markers to the 9.0 mm distance markers.  
// The upper y-coordinate border is defined by the user-drawn line (half the vertical  
// distance between the line’s endpoints) and spans the width of channel, 1300 pixels down.  
// The x-coordinate of the left border is a constant 5190 pixels less than the orientation  
// marker. The x-coordinate of the right border is a constant 1810 pixels less than the  
// orientation marker. (Note: This macro is made for 7392 x 1946 pixel images; constants  
// will need to be adjusted if the image resolution changes.) 
// 4) Average all y-pixels, for each x-pixel, across the length of the bounding box, and construct  
// an array with these values.  
// 5) Find the maximum value in the array and use 70% of this value to serve as a cutoff to  
// determine the location of the bulk cell population. To do this, the array values at the  
// leftmost and rightmost x-pixel are compared to 70% max value, and if these values are  
// smaller, the macro will increment one pixel towards the center of the bounding box until  
// the x-pixel exceeds 70% of the max value.  
// (Note: We chose 70% of the max array value, because cells are seeded in a square-shaped  
// distribution with spatial noise across the plateau. To ensure that that we capture the bulk  
// of the seeded cells but do not pick an artificially high cutoff due to noise, we allotted a  
// 30% signal variation between max averaged value across the channel and the bulk of  
// seeded cells.) 
// 6) Use the left and right 70% cutoff pixels to find the average intensity within the two newly  
// defined cutoff boundaries.  
// 7) Use the average intensity value found in the seeded region to perform another incremental  
// comparison within the original bounding box, comparing the average seeded region  
// intensity to the averaged y-pixels per x-pixel. This will determine the cell front on either  
// side of the seeded region. The comparison will increment towards the center of the  
// bounding box, until the average seeded signal is exceeded, establishing two new cutoff  




// rectangular selections for center of mass measurements. 
// 8) Create one rectangular selection using the bounding box’s left boundary and the L-cutoff x- 
// coordinates, and another selection using the R-cutoff and bounding box’s right boundary  
// x- coordinates. The upper y-pixel boundary is determined by the original line selection,  
// and extends 1300 pixels down, corresponding to the width of the channel. 
// (Note: The pixel difference between boundary x-coordinates and the orientation marker is  
// recorded, and will be used to construct rectangular selections for center of mass  
// measurements in the subsequent images.) 
// 9) Measure the center of mass in each rectangular selection, and save these values for an end- 
// readout. 
// 10) Close the original image, and open the subsequent image in the root folder. 
// 11) Prompt the user to create a line selection, rotate the image, and find the orientation marker. 
// 12) Create two rectangular selections of the same dimensions as the first image analyzed. The  
// location of these selections is determined by the difference in pixels between the first  
// image’s rectangular selection boundaries and orientation marker. 
// 13) Close the image, and sequentially open the remaining images, repeating steps 10-12 for the  




/////Select root file directory 
// 1) User defines root folder. 
// 2) Acquires list of files to be processed in root folder. 
// 3) Opens first file. 
//4) Converts file to 16-bit if file is greater than 16-bit. 
// 5) Acquires image height and width in pixels. 
output = getDirectory("Select root file with images to process...") 




imageHeight = getHeight(); 




//All arrays to be used for boundary creation and end-readout. 
BoundaryValue = newArray(fileList.length); 
LeftBoundary = newArray(fileList.length); 
RightBoundary = newArray(fileList.length); 
LeftBoundaryXM = newArray(fileList.length); 
LeftBoundaryYM = newArray(fileList.length); 
RightBoundaryXM = newArray(fileList.length); 
RightBoundaryYM = newArray(fileList.length); 
YValues = newArray(1300); 




XValueAvg = newArray(3380); 
//3380 represents the distance, in pixels, across the length of the channel between left- and  




// All arrays to be used for finding the orientation marker 
OrientationXValue = newArray(fileList.length); 
OrientationCheck = newArray(1300); 
OrientationCheckXValue = newArray(1000); 




// 1) Prompts user to draw a line selection under the top channel length markers. 
// 2) Uses this line selection to rotate the image. 
waitForUser("Draw line selection", "Draw line under top-most channel distance markers to 
correct for image rotation:\nOnce done, click 'OK'"); 
getLine(Lx1, Ly1, Lx2, Ly2, Lw); 
if (Ly2 > Ly1) {ay = Ly2;} 
 else {ay = Ly1;}; 
dLx = Lx2 - Lx1; 
dLy = Ly2 - Ly1; 
hyp = dLx; 
Angle = tan(dLy/dLx); 
radAngle = -Angle*(180/3.145); 
run("Rotate...", "angle=" + radAngle + " grid=1 interpolation=Bilinear"); 
 
///////////////////////////////////////////////////////////////////////////////////////////////////// 
/////Find rightmost orientation marker 
// 1) Calculates the average intensity of 1300 y-pixels per x-pixel of the 1000 rightmost x-pixels. 
// 2) Finds the average intensity value of the 100 right most pixels, which serves as a background  
// intensity. 
// 3) Compares the background intensity to the average intensities across the 1000 rightmost x-  
// pixels. The orientation marker is found when the average intensity is greater than  
// 1.5*background intensity. 
// 4) From this orientation marker, a bounding box is made with a left border at orientation  
// marker - 5190 pixels, and a right border of orientation marker - 1810. 
// 5) The upper y-boundary is the equidistant y-pixel between the original line selection's end 
points. 
for(i=0; i<1000; i++) { 
 for(j=0; j < 1300; j++){ 
  if(j==0) { 
   OrientationSum = 0; 
  }; 




  OrientationSum = OrientationSum + OrientationCheck[j]; 
  OrientationAvg = OrientationSum/1300; 
 }; 
 OrientationCheckXValue[i] = OrientationAvg; 
}; 
for(i=999; i>899; i--) { 
 if(i==999) { 
  OrientationCheckXSum = 0; 
 }; 
 OrientationCheckXSum = OrientationCheckXSum + OrientationCheckXValue[i]; 
}; 
AvgReferenceValue = 1.5*OrientationCheckXSum/(100); 
Check = 1000; 
while(OrientationCheckXValue[Check-1] < AvgReferenceValue) { 
 Check--; 
}; 
LeftLimitPixel = imageWidth - (5190+(1000-Check)); 
RightLimitPixel = imageWidth - (1810+(1000-Check)); 
makeRectangle(LeftLimitPixel, Ly1+(dLy/2), RightLimitPixel-LeftLimitPixel, 1300); 
OrientationXValue[0] = Check; 
 
////////////////////////////////////////////////////////////////////////////////////////////////////// 
////Set boundary limitations across channel 
// 1) Using the x-pixel boundaries outlined in the previous section, the average intensity across  
// 1300 y-pixels are measured per x-pixel, and sorted in an array. 
// 2) Starting at the left border, the averaged y-pixels per x-pixel are compared to 70% of the  
// maximum value in the newly created array. The x-pixel is incremented one unit until it  
// exceeds 70% of the maximum value.  
// 3) This process is repeated for the right boundary. 
// 4) The right and left boundaries are saved in an array for the final readout, and the average of  
// the averaged y-pixels is found within the 70% cutoff region. 
// 5) This average value is then checked against the averaged y-pixels in one pixel increments  
// from left to right and from right to left, establishing the L-cutoff and R-cutoff  
// respectively. These edges are used to define new rectangle selections which enclose the  
// cell front on either side of the seeded cell population. 
 
 
for(i=0; i<RightLimitPixel-LeftLimitPixel; i++) { 
 for(j=0; j < 1300; j++) { 
  if(j==0) { 
   Sum = 0; 
  }; 
  YValues[j] = getPixel(i+LeftLimitPixel,j+Ly1+dLy/2); 
  Sum = Sum + YValues[j]; 
 }; 





Array.getStatistics(XValueAvg, min, max, mean, stdDev); 
k = 0; 
while(XValueAvg[k] < max*0.7) { 
 k++; 
}; 
l = RightLimitPixel-LeftLimitPixel; 
while(XValueAvg[l-1] < max*0.7) { 
 l--; 
}; 
AvgCutOff = 0; 
for( i=k; i<l; i++) { 
 AvgCutOff = (AvgCutOff + XValueAvg[i]); 
}; 
AvgCutOff = AvgCutOff/(l-k); 
m = 0; 
while(XValueAvg[m] < AvgCutOff) { 
 m++; 
}; 
n = RightLimitPixel-LeftLimitPixel; 
while(XValueAvg[n-1] < AvgCutOff) { 
 n--; 
}; 
LeftBoundaryPixel = m + LeftLimitPixel; 
RightBoundaryPixel = n + LeftLimitPixel; 
LeftBoundaryWidth = LeftBoundaryPixel-LeftLimitPixel; 
RightBoundaryWidth = RightLimitPixel - RightBoundaryPixel; 
OrientationPixel[0] = imageWidth - (1000-Check); 
LeftBoundary[0] = LeftBoundaryPixel; 
RightBoundary[0] = RightBoundaryPixel; 
 
////////////////////////////////////////////////////////////////////////////////////////////////////// 
////Measure center of mass 
// 1) To remove the impact of background signal on the center of mass measurement, a rolling  
// ball background subtraction is done. 
// 2) A selection rectangle is made using the left most bounding box x-pixel, stopping at the L-  
// cutoff. The center of mass is then measured. 
// 3) Another selection rectangle is made using the right most border x-pixel, stopping at the R-  
// cutoff. The center of mass is then measured. 
// 4) The center of mass values are saved in an array for post-analysis readout. 
 
run("Subtract Background...", "rolling=100"); 
makeRectangle(LeftLimitPixel, Ly1+(dLy/2), m, 1300); 
run("Measure"); 
LeftBoundaryXM[0] = getResult("XM", 0); LeftBoundaryYM[0] = getResult("YM", 0); 









//Process remaining images 
// 1) Opens second file in the root folder to be processed. 
// 2) User will be prompted to draw a line selection to orientate the image for further analysis. 
// 3) After analysis, the image will be closed, and the proceeding image will be opened. 
 
for(file=1; file < fileList.length; file++) { 
 open(fileList[file]); 
 if(bitDepth==24) 




//Same function as in previous section 
waitForUser("Draw line selection", "Draw line under top-most channel distance markers to 
correct for image rotation:\nOnce done, click 'OK'"); 
 
 getLine(Lx1, Ly1, Lx2, Ly2, Lw); 
 if (Ly2 > Ly1) {ay = Ly2;} 
  else {ay = Ly1;}; 
 h = 1100;  
 dLx = Lx2 - Lx1; 
 dLy = Ly2 - Ly1; 
 hyp = dLx; 
 Angle = tan(dLy/dLx); 
 radAngle = -Angle*(180/3.145); 




//Same function as previous orientation section, but uses distances from the orientation marker  
// from the first image to reproduce those center of mass bounding boxes. 
 Check = 1000; 
 for(i=0; i<1000; i++) { 
   for(j=0; j < 1300; j++){ 
   if(j==0)  { 
    OrientationSum = 0; 
   }; 
   OrientationCheck[j] = getPixel(i+imageWidth-1000,j+Ly1+(dLy/2)); 
   OrientationSum = OrientationSum + OrientationCheck[j]; 
   OrientationAvg = OrientationSum/1300; 




  OrientationCheckXValue[i] = OrientationAvg; 
 }; 
 for(i=999; i>899; i--) { 
  if(i==999)  { 
    OrientationCheckXSum = 0; 
   }; 
  OrientationCheckXSum = OrientationCheckXSum + OrientationCheckXValue[i]; 
 }; 
 AvgReferenceValue = 1.5*OrientationCheckXSum/(100); 
 while(OrientationCheckXValue[Check-1] < AvgReferenceValue) { 
  Check--; 
 }; 
OrientationPixel[file] = imageWidth - (1000-Check) ;  
LeftLimitPixel = imageWidth - (5190+(1000-Check)); 
RightLimitPixel = imageWidth - (1860+(1000-Check)); 
LeftBoundary[file] = LeftLimitPixel + LeftBoundaryWidth; 
RightBoundary[file] = RightLimitPixel - RightBoundaryWidth;   
 
////////////////////////////////////////////////////////////////////////////////////////////////////// 
////Measure center of mass 
//Same function as previous section 
 run("Subtract Background...", "rolling=100"); 
 makeRectangle(LeftLimitPixel, Ly1+(dLy/2), LeftBoundaryWidth, 1300); 
 run("Measure"); 
 LeftBoundaryXM[file] = getResult("XM", file*2); LeftBoundaryYM[file] = 
getResult("YM", file*2); 
 makeRectangle(RightLimitPixel-RightBoundaryWidth, Ly1+(dLy/2), 
RightBoundaryWidth, 1300); 
 run("Measure"); 







//Produces a readout of the x-pixels for the orientation marker, left and right cutoff pixels 
(averaged 
// seeding cutoff), and center of mass pixels. 
run("Clear Results"); 
for (i=0; i<fileList.length; i++) { 
 setResult("Orientation Pixel", i, OrientationPixel[i]); 
 setResult("Left Boundary pixel", i, LeftBoundary[i]); 
 setResult("Right Boundary pixel", i, RightBoundary[i]); 
 setResult("Left XM", i, LeftBoundaryXM[i]); 




 setResult("Right XM", i, RightBoundaryXM[i]); 






//The final readout provides the x-coordinates for the orientation marker, left and right boundary,  
// and left and right center of mass values (Left XM and Right XM, respectively).  
//To analyze this data, the x-coordinates must first be corrected for horizontal shifts between  
// images. This is done by taking the difference between the orientation marker coordinate  
// at time = 0 h and the other time points. 
// Ex: Shift24h = Orientation0h – Orientation24h  
//This shift is then added to the XM values. These corrected XM values are then compared to one  




APPENDIX C: SUPPLEMENTAL INFORMATION FOR CHAPTER 3 
 
 
Figure S1. Scanning electron micrograph of diphenylanthracene (DPA) reference particles used 
in the pH sensing films. These particles were prepared by precipitating a solution containing both 







Figure S2. Detailed schematic of the paper-based scaffolds, which were designed in Adobe 
Illustrator, used in this work: (a) Entire scaffold and (b) a single channel in the scaffold. Each 
scaffold was prepared by wax-printing the above pattern onto sheets of Whatman 105 paper. The 
red and gray lines were also printed on the scaffolds to serve as a guide for both seeding and 







Figure S3. Detailed schematic of the acrylic holders used in this work. The (a) top and (b) 
bottom portions of the holders were laser cut from 6.25 mm and 3.125 mm sheets of cast acrylic, 
respectively. The top portion of the holder contained three 12 x 3.3 mm channels, allowing us to 
deliver culture medium to the cell-containing paper scaffolds.  Both the top and bottom portion 
of the holder contained four holes, which allowed the two halves of the holder to be assembled 
with 3/8” 2-56 stainless steel screws. The holes in the bottom portion of the holder were threaded 







Figure S4. Detailed schematic of the flow cell used to evaluate response and reversibility of the 
pH-sensing films when exposed to buffered solutions of different pH. (a) The bottom 3.175 mm 
thick acrylic piece with six holes for screws. (b) The top 3.175 mm thick acrylic piece with six 
holes for screws and 3 ports, two for delivering the buffered solutions and one for waste 
collection. (c) A 6.35 mm thick PDMS flow guide designed to deliver phosphate buffered 
solutions across a defined region of the pH-sensing films film. The two halves of the holder were 
assembled with 1/2'’ 4-40 stainless steel screws. All values listed are in units of millimeters 






Figure S5. Fluorescence intensity profiles of cell-seeded regions. Each line represents the 
average intensity across the cell culture after 1, 6, 12, 24, and 28 h of incubation for the (a) open 





(1) Normalization of fluorescence intensity for the pH-sensing films. 
(a) 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐹𝐿𝑈 =
𝐹𝐿𝑈𝑡𝑥
𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐹𝐿𝑈𝑡𝑥 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐹𝐿𝑈𝑡1⁄
 





(a) Normalization of the fluorescein (FLU) signal from pH sensing thin films. Where 
𝐹𝐿𝑈𝑡𝑥 is the signal of the sample at each time point, 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐹𝐿𝑈𝑡𝑥 is the signal from 
the control film at each time point and 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐹𝐿𝑈𝑡1 is the intensity of the first time 
point in the control film. (b) Normalization of the DPA signal from pH sensing thin films. 
Where 𝐷𝑃𝐴𝑡𝑥 is the signal from the sample at each time point, 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐷𝑃𝐴𝑡𝑥 is the 
signal from the control film at each time point and 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐷𝑃𝐴𝑡1 is the intensity of the 
first time point in the control film.  
 
(2)  Boltzmann function used to calculate pH from the fluorescence intensity ratio of 













𝐹𝐼𝑇𝐶 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 is the intensity signal from the FITC and 𝐷𝑃𝐴 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 is the intensity 
signal from DPA. 𝐼𝑚𝑖𝑛𝑖𝑚𝑢𝑚 is the minimum value that can be obtained, 𝐼𝑚𝑎𝑥𝑖𝑚𝑢𝑚is the 
maximum value that can be obtained. 𝑆𝑙𝑜𝑝𝑒 is the steepness of the curve at the pKa value 







APPENDIX D: FIJI MACRO 1 FOR CHAPTER 3 
// This macro processes images from Metamorph at MSL on IX70. 
////////////////////////////////////////////////////////////////////////////////////////////////////// 
// At a high level, this macro will: 
// 1) Sort tile images into folders based on the fluorescence cube used (we refer to this simply  
// as the "normalization type" in the remaining comments). 
// 2) Process each folder of tile images, which involves: 
// 3) Parsing the tile image's filename to determine the timepoint, holder, and channel it's from. 
// 4) Normalizing the tile image using a standard normalization image. 
// 5) Saving the normalized tile image into a subfolder based on which holder and channel it's 
// from (this makes it easy to come back and stitch the tile images into channel images 
// later). 
// 6) After doing 3-5 for all desired timepoints in all normalization type folders, we go back  
// through the channel subfolders created in each normalization type folder, and we: 
// 7) Stitch the normalized tile images into a channel image, for each desired timepoint. 
// 8) Stack the stitched channel timepoint images. 
// 9) Save the resulting image (which is now a stack of normalized channel images at the 










//// Show macro setup dialog to ask the user for: 
// 1) The name of the experiment (used only when saving output files). 
// 2) The total number of timepoints the experiment has. 
// 3) The number of tile images that must be stitched together to make a channel image. 
// 4) The number of channels in a holder. 
// 5) Which timepoints to process (entering nothing means "all"). 
// 
Dialog.create("Macro Setup"); 
Dialog.addMessage("NOTE: Be sure that nothing else is accessing the input or output folders. " 
+ 
 "For example, if your\ninput or output folder is synced by Dropbox, pause Dropbox " + 
 "syncing.\nConfigure the macro using the following options:"); 
Dialog.addString("Experiment Name:", ""); 
Dialog.addNumber("Total # of Timepoints:", 10); 
Dialog.addNumber("Tiles per Channel:", 5); 
Dialog.addNumber("Channels per Holder:", 3); 






// Get values entered by user. 
experimentName = Dialog.getString(); 
numTPs = Dialog.getNumber(); 
numTiles = Dialog.getNumber(); 
numChannels = Dialog.getNumber(); 
rawDesiredTPs = Dialog.getString(); 
// Figure out how many tiles are in each holder, we need this for later calculations. 
numTilesPerHolder = numTiles * numChannels; 
// This is where our standard normalization images are stored. 
baseNormImageDir = "C:\\Users\\Rachael\\Dropbox\\Lockett Research\\pH\\" +  
 "Olympus Normalization Images\\"; 
 
////////////////////////////////////////////////////////////////////////////////////////////////////// 
//// Determine which timepoints we want to process. 
// 1) If rawDesiredTPs is the empty string, we assume we should process them all. 
// 2) If it isn't, we will parse the timepoints the user entered and only process those. 
// 
if (rawDesiredTPs == "") { 
 // Empty, so just make the array ourselves based on the number of TPs given. 
 desiredTPs = newArray(numTPs); 
 for (i = 1; i <= numTPs; i++) {  
  desiredTPs[i - 1] = i; 
 } 
} else { 
 // Not empty, parse the string and figure out the ones we want. 
 desiredTPStrings = split(Dialog.getString(), ", \t\n\r"); 
 desiredTPs = newArray(); 
 for (i = 0; i < desiredTPStrings.length; i++) { 








//// Ask user for input and output directories. 
// 
inDir = getDirectory("Choose directory containing .tif files"); 
outDir = getDirectory("Choose directory to save files to"); 
 
////////////////////////////////////////////////////////////////////////////////////////////////////// 
//// Setting this keeps ImageJ from actually rendering the images when the macro is running,  








//// Sort the files in the input directory into normalization type directories based on which 
//// fluorescence cube was used to capture the image. 
// 1) Loop over the TIF files in the input directory and: 
// 2) Parse the fluorescence cube name from the file name. 
// 3) Move the file to the normalization type directory based on the fluorescence cube name. 
// 
print("Sorting files into normalization directories..."); 
inputFiles = getFileList(inDir); 
for (i = 0; i < inputFiles.length; i++) { 
 if (!File.isDirectory(inDir + inputFiles[i]) && endsWith(inputFiles[i], "TIF")) { 
  // Figure out the normalization type. Our filenames look like this: 
  // "[Experiment Name]_w#[Normalization Name]_s#_t#.tif" 
  // So we’ll split by underscores and periods. 
  filenameParts = split(inputFiles[i], "_."); 
  Array.print(filenameParts); 
  // Substring starting at index 2 because we don't care about the "w#" part. 
  normType = substring(filenameParts[1], 2); 
 
  // Make the normalization type directory, if necessary. 
  normTypeDir = inDir + File.separator + normType; 
  if (!File.exists(normTypeDir)) File.makeDirectory(normTypeDir); 
 
  // Move the file to that directory. 
  oldFilePath = inDir + inputFiles[i]; 
  newFilePath = normTypeDir + File.separator + inputFiles[i]; 
  print("Moving \"" + oldFilePath + "\" to \"" + newFilePath + "\"."); 
  // Just assigning to a variable so the "1" doesn't print in the log. 





//// Process the normalization type folders. 
// 1) Open the standard normalization image for this normalization type folder. 
// 2) Loop over the tile images and: 
// 3) Parse the tile image's filename to get the timepoint number and raw tile number. 
// 4) Use the raw tile number, along with the information the user entered when the macro  
// started, to calculate the actual holder, channel, and tile numbers for the image.  
// (Metamorph has no concept of holders or channels, it simply takes 'X' images at each  
// timepoint. Due to this, the filenames that it outputs take the following form: 
// [Experiment Name]_w#[Fluorescence Cube Name]_s#_t#.tif 
// Where w# is the number assigned to the fluorescence cube, s# is the raw tile number,  




// image taken during any given timepoint.) 
// 5) Open the tile image. 
// 6) Normalize the tile image. 
// 7) Save the normalized tile image to a specific subfolder based on its holder and channel. 
// 8) Close the normalized tile image. 
// 9) After doing 3-8 for all tile images, close the standard normalization image. 
// 
print("Normalizing..."); 
normDirs = getFileList(inDir); 
for (i = 0; i < normDirs.length; i++) { 
 // Skip this if it isn’t a directory (it could be a file). 
 if (!File.isDirectory(inDir + normDirs[i])) continue; 
 
 normDirName = normDirs[i]; 
 normType = replace(normDirName, "/", ""); 
 
 print("Opening dark and normalization image to process directory \"" + normType + 
"\"."); 
 // Get the path to the normalization image for this directory. 
 normImageName = getNormalizationImageName(normType); 
 // Open normalization images. 
 open(baseNormImageDir + normImageName); 
 open(baseNormImageDir + "dark.tif"); 
 
 normDir = inDir + normDirName; 
 print("Current normalization directory is \"" + normDir + "\"."); 
 // Loop over the images in the normalization directory. 
 imagesToNorm = getFileList(normDir); 
 for (i = 0; i < imagesToNorm.length; i++) { 
  imageToNorm = normDir + imagesToNorm[i]; 
  print("About to normalize image \"" + imageToNorm + "\"."); 
  if (!File.isDirectory(normDir + imagesToNorm[i])) { 
   // Get the tile number and the timepoint number from the image filename 
   // using the same parsing method we used when sorting the files initially. 
   filenameParts = split(imagesToNorm[i], "_."); 
   print("Got these filename parts:"); 
   Array.print(filenameParts); 
 
   // Need the substring because we don't want the "s" on the front. 
   tileNum = parseInt(substring(filenameParts[2], 1)); 
   // Same here, we don't want the "t" on the front. 
   tpNum = parseInt(substring(filenameParts[3], 1)); 
 
   // If our data set happened to only have one timepoint, then the filename  
   // doesn't have the "_t#" part before the ".tif", so our tileNum will be  




   if (isNaN(tpNum)) tpNum = 1; 
 
   // Skip this tile image if it isn't from a desired timepoint. 
   if (!arrayContains(desiredTPs, tpNum)) continue; 
 
   print("Image's Original s-Num: " + tileNum); 
   print("Image's Timepoint Num: " + tpNum); 
 
   // First use the raw tile number to figure out what holder number this 
   // tile image is for.  
   // Remember that numTilesPerHolder is equal to the number of tiles per 
   // channel times the number of channels per holder. So, all we need to 
   // do is see how many times numTilesPerHolder divides evenly into the 
   // raw tile number of the tile image we have open currently. 
   // Unfortunately, the division operator in ImageJ’s macro language 
   // doesn’t return whole numbers, it returns decimals. We work around 
   // this by doing a simple add-and-check loop. 
   holderNum = 0; 
   while (holderNum * numTilesPerHolder < tileNum) { 
    holderNum++; 
   } 
 
   // To calculate the channel number, our raw tile number needs to be 
   // less than numTilesPerHolder. So if it isn't currently, we subtract 
   // some multiple of numTilesPerHolder from it before moving on. 
   if (tileNum >= numTilesPerHolder) { 
    // Multiple to use is 1 less than the holder number we calculated. 
    multiple = holderNum - 1; 
    tileNum = tileNum - (multiple * numTilesPerHolder); 
   } 
 
   // Now that our raw tile number is less than numTilesPerHolder, we 
   // can do a similar add-and-check loop as the one above to determine 
   // what channel number the tile image is for. 
   channelNum = 0; 
   while (channelNum * numTiles < tileNum) { 
    channelNum++; 
   } 
 
   // Finally, we want our raw tile number to be an actual tile number. 
   // So, similar to above, we will subtract some multiple of numTiles 
   // from it, if necessary. 
   if (tileNum >= numTiles) { 
    multiple = channelNum - 1; 
    tileNum = tileNum - (multiple * numTiles); 




   // Now, we have the real holder, channel, and tile numbers for the 
   // tile image that's currently open. 
 
   // Open and normalize the image. 
   print("Normalizing \"" + imagesToNorm[i] + "\"."); 
   open(normDir + imagesToNorm[i]); 
   title = getTitle(); 
   run("16-bit"); 
   imageCalculator("Subtract create 32-bit", title, "dark.tif"); 
   close(title); 
   titleDark = getTitle(); 
   imageCalculator("Divide create 32-bit", titleDark, normImageName); 
   close(titleDark); 
 
   // Save the normalized image to a channel subfolder with a filename like: 
   // [Experiment Name]_[Norm Type]_Holder_#-#_Tile_#_TP_# 
   channelName = "Holder_" + holderNum + "-" + channelNum; 
   imageName = experimentName + "_" + normType + "_" +  
    channelName + "_Tile_" + tileNum + "_TP_" + tpNum + ".tif"; 
 
   // Make sure the channel directory exists. 
   channelDir = normDir + File.separator + channelName + File.separator; 
   if (!File.exists(channelDir)) File.makeDirectory(channelDir); 
 
   // Save the normalized file. 
   print("Saving normalized image \"" + imageName + "\" to \"" +  
    channelDir + "\"."); 
   savePath = channelDir + imageName; 
   saveAs("Tiff", savePath); 
   close(getTitle()); 
  } 
 } 
 




 // Prep fiji for next operation by closing open windows and clearing out cache. 
 print("Closing open files..."); 
 run("Close All"); 
 print("Collecting Garbage..."); 








// 1) Loop over the normalized tile images in a holder channel subfolder and: 
// 2) Create a temporary output folder where we'll save the stitched channel timepoint images. 
// 3) For each timepoint the user asked for, create a filename template string... 
// 4) ...and pass it to the Grid/Collection Stitching plugin, along with the number of tiles 
// per channel, and other options. 
// 5) The Grid/Collection Stitching plugin stitches the tile images into a channel image 
// 6) Save the stitched channel timepoint image to the temporary output folder, then close it. 
// 7) After doing 3-6 for all sets of tile images that were used to create the stitched 
// channel timepoint images we move into the temporary folder where they are saved and: 
// 8) Open all of the stitched channel timepoint images, in order by timepoint 
// 9) Stack all of the opened images into a single image. 
// 10) Save the final stacked image to the output directory. 
// 11) Remove the holder channel subfolder, since we no longer need it, to free up space. 
// 
print("Stitching and stacking..."); 
for (i = 0; i < normDirs.length; i++) { 
 normDir = inDir + normDirs[i]; 
 // Skip if this isn't a normalization directory (it might be a file). 
 if (!File.isDirectory(normDir)) continue; 
 
 print("Starting to stitch and stack in normalization dir \"" + normDir + "\"."); 
 channelDirs = getFileList(normDir); 
 for (j = 0; j < channelDirs.length; j++) { 
  channelDir = normDir + channelDirs[j]; 
  // Skip if this isn't a channel directory (it might be a file). 
  if (!File.isDirectory(channelDir)) continue; 
 
  print("Starting to stitch and stack in channel dir \"" + channelDir + "\"."); 
  // Make sure we have clean names (i.e., no slashes). 
  normType = replace(normDirs[i], "/", ""); 
  channel = replace(channelDirs[j], "/", ""); 
 
  // Make sure the directory to save stitched files to exists. 
  stitchedDir = channelDir + File.separator + "Stitched" + File.separator; 
  if (!File.exists(stitchedDir)) File.makeDirectory(stitchedDir); 
 
  // Stitch images for desired timepoints. 
  for (i = 0; i < desiredTPs.length; i++) { 
   // Make the filename template to use for the stitching plugin. 
   fileNameTemplate = experimentName + "_" + normType + "_" + channel 
+  
    "_Tile_{i}_TP_" + desiredTPs[i] + ".tif"; 
 
   // This runs the Grid/Collection stitching plugin.  
   // (The space after "Right & Down" has to be there for it to work) 




    "type=[Grid: row-by-row] order=[Right & Down                ] " +  
    "grid_size_x=" + numTiles + " grid_size_y=1 tile_overlap=10 " + 
    "first_file_index_i=1 directory=[" + channelDir + "] " +  
    "file_names=[" + fileNameTemplate + "] 
output_textfile_name=test1 " + 
    "fusion_method=[Linear Blending] regression_threshold=0.30 " + 
    "max/avg_displacement_threshold=2.50 " + 
    "absolute_displacement_threshold=3.50 ignore_z_stage " + 
    "computation_parameters=" + 
    "[Save computation time (but use more RAM)] " + 
    "image_output=[Fuse and display]"); 
 
   // Save to "Stitched" directory. 
   outName = experimentName + "_" + normType + "_" + channel + "_TP_" 
+  
    desiredTPs[i] + ".tif"; 
   saveAs("Tiff", stitchedDir + outName); 
 
   // Prep fiji for next operation by closing open windows and clearing out 
cache. 
   print("Closing open files..."); 
   run("Close All"); 
   print("Collecting Garbage..."); 
   run("Collect Garbage"); 
  } 
 
  print("Stacking and saving images..."); 
  // Loop over stitched files for desired TPs, open them in order. 
  for (i = 0; i < desiredTPs.length; i++) { 
   stitchedFileName = experimentName + "_" + normType + "_" + channel +  
    "_TP_" + desiredTPs[i] + ".tif"; 
   open(stitchedDir + stitchedFileName); 
  } 
 
  outName = experimentName + "_" + normType + "_" + channel; 
  // Now stack them up (if there's more than one timepoint image open). 
  if (nImages > 1) run("Images to Stack", "name=[" + outName + "] title=[] use"); 
  // And save the stack to the output directory. 
  saveAs("Tiff", outDir + File.separator + outName + ".tif"); 
 
  // Prep fiji for next operation by closing open windows and clearing out cache. 
  print("Closing open files..."); 
  run("Close All"); 
  print("Collecting Garbage..."); 





  // Delete the holder channel subfolder and everything in it. 






// After the macro finishes running, the output folder will contain a TIF file for each 
// fluorescence-channel combination. Each of the TIF files contains a stack of stitched  
// timepoint images for that channel, normalized based on the fluorescence cube used to  






//// Helper Function: Translates the fluorescence cube (normalization type) name that  
//// Metamorph uses in tile filenames to the filename of a standard normalization image that  
//// we use to perform normalization. If the normalization type name isn't recognized, the  
//// macro will exit. 
// 
function getNormalizationImageName(normType) { 
 if (indexOf("Sedat Red", normType) != -1) { 
  return "mcherry Normalization.tif"; 
 } else if (indexOf("BF-Phase", normType) != -1) { 
  return "Transmitted Light Normalization.tif"; 
 } else if (indexOf("Sedat FITC", normType) != -1) { 
  return "FITC Normalization.tif"; 
 } else if (indexOf("Sedat DPA", normType) != -1) { 
  return "DPA Normalization.tif"; 
 } else { 






//// Helper Function: Recursively deletes a directory and everything in it. 
// 
function deleteDir(dirPath) { 
 files = getFileList(dirPath); 
 for (i = 0; i < files.length; i++) { 
  path = dirPath + files[i]; 
  if (File.isDirectory(path)) deleteDir(path); 









//// Helper Function: Determines whether or not an array contains a specific value. 
// 
function arrayContains(arr, val) { 
 for (i = 0; i < arr.length; i++) { 
  if (arr[i] == val) return true; 
 } 








APPENDIX E: FIJI MACRO 2 FOR CHAPTER 3 
// This macro allows the user to straighten and average across the channel  
// culture to generate plot profiles of each fluorescence image to Excel. 
// These can be further processed in Excel to form profiles. 
// The plugin used to write to the Excel file 
s can be found here: 
// https://github.com/bkromhout/Read_and_Write_Excel_Modified 
////////////////////////////////////////////////////////////////////////////////////////////////////// 
// At a high level, this macro will: 
// 1) Straighten every image in the directory according to a user-drawn line 
// 2) Average every y-pixel for every x-pixel across the length of the channel 
// 3) Output the data into an excel spreadsheet, organized by holder and channel 
 
////////////////////////////////////////////////////////////////////////////////////////////////////// 






//// Define the following global variables. 
// 
// These are the names of the fluorescence cubes whose images we want data for 
fcNames = newArray("Sedat Red", "Sedat DPA", "Sedat FITC"); 
// We use these values to help draw the ROI on the straightened images 
boxHeight = 700; 
boxWidth = 3350; 
// How far to displace the ROI in the y-direction relative to the original y-value 
// of the line's left point. 
yDisplacement = 250;  
 
////////////////////////////////////////////////////////////////////////////////////////////////////// 
//// Preparation steps. 
// 1) Have the user choose the folder with the images to process. 
// 2) Make folder for the Excel output files inside of the input folder. 
// 3) Parse the experiment name from an image in the input folder. 
// 
inDir = getDirectory("Choose directory to process."); 
resultsDir = inDir + File.separator + "Results"; 
if (!File.exists(resultsDir)) File.makeDirectory(resultsDir); 
experimentName = getExperimentName(); 
 
////////////////////////////////////////////////////////////////////////////////////////////////////// 
//// Rotation and Data Collection. 




// 1) Open the channel image. 
// 2) Ask the user to draw a line along the top edge of the channel. 
// 3) Automatically straighten the image based on the angle of the line. 
// 4) Draw a rectangular ROI based on the location of the line. 
// 5) Collect the plot profile data for each slice in the image stack 
// (each slice represents a single timepoint). 
// 6) Write the data to the channel's page in the holder's Excel sheet. 
// 7) Close the image (without saving it). 
// 8) Repeat 3-7 for the other images taken of the same channel using 
// the other fluorescence cubes (the line doesn't have to be drawn  
// again until the next channel is processed). 
// 
holderNum = 1; 
while (holderNum <= 6) { 
 // For this holder... 
 // Figure out the path to the results file we'll use for this holder. 
 resultsFilePath = resultsDir + File.separator + experimentName + "_Holder_" +  
  holderNum + ".xlsx"; 
 // If the file already exists, remove it first. 
 if (File.exists(resultsFilePath)) ignored = File.delete(resultsFilePath); 
  
 channelNum = 1; 
 while (channelNum <=3) { 
  // For this channel... 
  // Figure out the sheet name to put results for this channel in in the spreadsheet. 
  sheetName = "Channel " + channelNum; 
   
  // We'll store the line coordinates for this channel here. 
  // The user will have to draw it the first time. 
  lx = -1; 
  ly = -1; 
  rx = -1; 
  ry = -1; 
   
  // Loop over fluorescence cube names... 
  for (i = 0; i < fcNames.length; i++) { 
   // Build the name of the image we want to open. 
   imageName = experimentName + "_" + fcNames[i] + "_Holder_" + 
holderNum +  
    "-" + channelNum + ".tif"; 
   imagePath = inDir + File.separator + imageName; 
    
   if (File.exists(imagePath)) { 
    // Open the image. 
    open(imagePath); 





    // Rotate image 
    // 1) Check to see if we already have line coordinates stored for  
// this. 
    // 2) If we don't, prompts user to draw a line selection under the top  
    // channel length markers. If we do, we draw it ourselves. 
    // 3) Uses this line selection to rotate the image. 
    if (lx == -1) { 
     // We don't already have line coordinates for this channel,  
     // so the user needs to draw one. Note that we expect the  
     // user to draw the line from left to right. 
     waitForUser("Draw line selection", "Draw line under the " 
+  
      "top-most channel markers to correct for image " + 
      "rotation:\nOnce done, click 'OK'"); 
     getLine(lx, ly, rx, ry, w); 
    } 
 
    // Calculate angle and rotate image. 
    dx = rx - lx; 
    dy = ry - ly; 
    angle = tan(dy/dx); 
    radAngle = -angle * (180 / PI); 
 
    if (nSlices > 1) run("Rotate...", "angle=" + radAngle +  
     " grid=1 interpolation=Bilinear stack"); 
    else run("Rotate...", "angle=" + radAngle +  
     " grid=1 interpolation=Bilinear"); 
 
    // Draw ROI based on where the line was drawn. 
    makeRectangle(lx, (ly + yDisplacement), boxWidth, boxHeight); 
 
    // Get the data for each slice. 
    for (slice = 1; slice <= nSlices; slice++) { 
     selectWindow(imageTitle); 
     setSlice(slice); 
 
     // Get the plot profile. The returned array contains the y- 
     // values of a plot profile at each index. 
     profile = getProfile(); 
 
     // Put the profile plot values into the results table. (This is  
     // what the Excel plugin reads from.) 
     for (j = 0; j < profile.length; j++) { 
      setResult("X", j, j); 




     } 
 
     // Run the "Read and Write Excel" plugin to write the  
     // results data to a specified sheet in a specified Excel file.  
     // We specify the label that we write above the dataset  
     // columns (and we specify that we don't want the plugin to  
     // and a “Count” column for us, since we have the X  
// column already). 
     datasetLabel = fcNames[i] + " " + slice; 
     run("Read and Write Excel", "no_count_column file=[" +  
      resultsFilePath + "] sheet=[" + sheetName +  
      "] dataset_label=[" + datasetLabel + "]"); 
 
     // Wait, just to make sure that the Excel file has been  
// closed. 
     wait(150); 
 
     // Now clear the results. 
     run("Clear Results"); 
    } 
 
    // Close the image. 
    close(); 
    run("Collect Garbage"); 
   } 
  } 
  // Increment channel number. 
  channelNum++; 
 } 






// After the macro finishes, the output folder will contain one Excel file per holder, 
// each Excel file will contain one page per channel in that holder, and each page will 












function getExperimentName() { 
 inFiles = getFileList(inDir); 
 for (i = 0; i < inFiles.length; i++) { 
  currFile = inDir + inFiles[i]; 
  if (!File.isDirectory(currFile)) { 
   filenameParts = split(inFiles[i], "_."); 
   return filenameParts[0]; 






APPENDIX F: SUPPLEMENTAL INFORMATION FOR CHAPTER 4 
 
 
Figure S1. Photographs of a single zone, paper-based Transwell assay format. (a) Seeding a 
single zone paper scaffold with cells suspended in collagen, using a 2.5 µL pipette. (b) Top and 
(c) angled view of single zone scaffolds floating at the air-liquid interface of individual wells of a 







Figure S2. Schematics of the single zone, paper-based scaffolds. Each zone was wax-printed 
using a Xerox ColorQube®8870 printer. The outer circle is black wax and the inner circle is 
wax-free. The inner circle is referred to as a “zone” and supports the cell-laden hydrogels.  All 








Figure S3. Photographs of the 96-well paper-based Transwell format. (a) The individual 
components of the 96-zone format include: (i) an acrylic top insert with a silicone gasket, (ii) a 
paper-based scaffold, (iii) a silicone gasket, and (iv) an acrylic bottom insert with a silicone 
gasket and bottom sheet of acrylic. The device components were laser cut (Universal Laser 
Systems, ILS9.75) food-grade silicone rubber 40A (1/32”) and cast acrylic (1/4” or 1/8”). Two 
rubber gaskets were cut in the pattern detailed in Figure S5a. The third rubber gasket was cut in 
the pattern detailed in Figure S5b. The rubber gaskets were laser cut using the following 
parameters: Power (P) = 100, Speed (S) = 10, Pulses per inch (PPI) = 1000.  The two acrylic 
inserts (1/4”) were cut in the pattern detailed in Figure S5a. The acrylic base plate (1/8”) and 
surrounding border (1/4”) were cut in the pattern detailed in Figures S5b and S5c. The acrylic 
was cut using P = 100, PPI = 1000, and S =2 or S = 10 for 1/4” and 1/8” sheets, respectively. The 
individual components of the 96-zone Transwell device were held in conformal contact, once 
assembled, fifteen 3/4” 2-56 stainless steel screws. (b) The fully assembled 96-zone Transwell 









Figure S4. Schematic of the 96-zone, paper-based scaffold. Each scaffold was wax-printed using 






Figure S5. Schematic of the individual components of the 96-zone Transwell device. A) 96-zone 
insert containing through holes for fluid delivery. Two 1/4” acrylic inserts and two rubber 
gaskets are fabricated from this design. B) Bottom rubber gasket consisting of channels that 
connect the culture zones to the through holes for fluid delivery. C) Top view of the bottom 
plate, which contains 15 holes threaded for 2-56 screws and solvent-bonded borders. D) Side 
view of the bottom plate. The borders are solvent bonded to the base plate using 70% isopropyl 
alcohol and heating assembled unit to 68 °C for 30 min with compression. All numbers are in 







Figure S6. Fluorescence flatbed scan of MDA-MB-231-mcherry cells after a 48 h paper-based 
Transwell assay. Scans from the (a) wells and (b) paper scaffolds. The scan shows increasing 
concentrations of cells in the wells and decreasing concentrations of cells in the papers. Scale bar 








Figures S7. Images of MDA-MB-231-mcherry cells in the bottom wells of a 96-well plate taken 
at the end of a paper-based Transwell assay (48 h). Fluorescence (a) images were captured using 
an Olympus IX-70 fluorescence microscope equipped with a 10x objective and stitched together 
using FIJI. Lighter areas in the upper right corner of the stitched images are a result of stitching 
images with little detail and can be ignored. Close up view of the red box is shown with 






Figures S8. Images of paper scaffolds (a, b) and MDA-MB-231-mcherry cells remaining in 
paper-based scaffolds (c, d, e, f) at the end of a paper-based Transwell assay (48 h). Bright field 
(a, c, e) and fluorescence (b, d, f) images were captured using an Olympus IX-70 fluorescence 
microscope equipped with a 10x objective. Close up view of the red boxes (c, d) are shown in (e) 











Sensitivity of flatbed scanner vs. Cell Titer Glo 
To address the sensitivity of the flatbed scanner and the effect on fold change of cells in the wells 
vs. cells remaining in paper, we repeated the experiment described in Figure 1c. Briefly, we 
seeded paper-scaffolds with MDA-MB-231-mcherry cells and placed them in wells containing 
media with different FBS concentrations (0, 0.5, 1, and 5%). After 48 h, we scanned the wells 
and scaffolds on our flatbed fluorescence scanner, and immediately ran a Cell Titer Glo viability 
assay (Figure S8).  
 
We observe that with increasing concentrations of FBS, there is more cell movement out of the 
paper scaffolds and into the wells. We compared the fold change from 0% to 5% in the wells and 
the paper, using both methods. When using the flatbed scanner, we see a larger fold change in 
the paper scaffold (1.91) than increase in the well (1.42). However, when using cell titer glo, we 
get a comparable fold change between cells in the well (1.78) and cells in the paper (1.78). This 
suggests that the flatbed scanner underestimates the number of cells in the scaffolds, which is 
likely due to the 3D nature of the scaffolds. Therefore, other assays, like cell titer glo can be used 




Figure S9. MDA-MB-231 cell invasion from collagen-containing paper scaffolds after a 48 h 
exposure to medium containing increasing concentrations of FBS. All signals were normalized to 
0.0% FBS. Signal from (a) fluorescence flatbed scan of scaffolds followed by (b) Cell Titer Glo 
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Figure S10. Proliferation of 5,000 MDA-MB-231-mCherry cells over 5 days. Cells were seeded 
in a 96-well plate on Day 0. Wells contained DMEM medium with a particular concentration of 
FBS. The plate was incubated at 37 oC and 5% CO2, and the medium exchanged every 24 h. 
Cells viability was evaluated using Cell Titer Glo luminescence viability assay, following the 
manufacturer’s protocol. Cells cultured in 1.0 % and 5.0 % FBS had a doubling time of 161 h 
and 30 h, respectively. There was no significant cell growth at 0.0 % or 0.5 % FBS. Each data 









Figure S11. Results from a chemical cross-talk study between wells of the assembled 96-zone 
Transwell device. DMEM medium containing fluorescein was loaded into assembled device in a 
checkerboard pattern. The remaining wells were loaded with DMEM medium, free of 
fluorescein. The wells of the assembled device were imaged at 0 h and after a 48 h incubation at 
37 oC and 5% CO2. The fluorescence intensity of each well was compared at both time points. 
After 48h there is a significant decrease in wells originally loaded with fluorescein and a 
significant increase in signal from wells without fluorescein. Bars represent the average and 

































Calculations to determine the cost of a single paper-based assay. 
1. GE Healthcare Whatman Lens Cleaning Tissue   09-800-973 (Fisher)


















2. Corning 96-well Clear Bottom White Polystyrene Plate 07-200-588 (Fisher)











































APPENDIX G: SUPPLEMENTAL INFORMATION FOR CHAPTER 5 
 
 
Figure S1. Detailed schematic of the acrylic holders used in this work. The (a) top and (b) 
bottom portions of the holders were laser cut from 6.25 mm and 3.125 mm sheets of cast acrylic, 
respectively. The top portion of the holder contained three 12 x 3.3 mm channels, allowing us to 
deliver culture medium to the cell-containing paper scaffolds.  Both the top and bottom portion 
of the holder contained four holes, which allowed the two halves of the holder to be assembled 
with 3/8” 2-56 stainless steel screws. The holes in the bottom portion of the holder were threaded 






Figure S2. Detailed schematic of the paper-based scaffolds, which were designed in Adobe 
Illustrator, used in this work: (a) Entire scaffold and (b) a single channel in the scaffold. Each 
scaffold was prepared by wax-printing the above pattern onto sheets of Whatman 105 paper. The 
red lines were also printed on the scaffolds to serve as a guide for both seeding and image 






Figure S3. Detailed schematic of the PDMS and PET films, which were designed in Adobe 
illustrator, used in this work. PDMS films were prepared by casting PMDS in petri dishes and 
laser cut. PET films were cut using a Silver Bullet cutting machine. All values are in units of 
























Figure S4. Fluorescence intensity of the pH sensor on the dual sensing optode when exposed to 
buffered solutions of different pH at 37°C. The average pKa value of 15 subsections from 3 




APPENDIX H: FIJI MACRO 1 FOR CHAPTER 5 
 
//This macro processes images exported from Metamorph at the Microscopy Services Laboratory  
// on the Olympus IX70. It sorts the images according to the fluorescence cube used. 
// It normalizes each image type and stitches them together. It will store them according to the  
// well (6, 12-well etc.) and the and paper-based channel they are from. 
 




// Show macro description and setup dialog. 
Dialog.create("Macro Setup"); 
Dialog.addMessage("Note that this macro\n" + 
"NOTE: Be sure that nothing else is accessing the input or output 
folder. For example, if your\n" + 
"input or output folder is synced by Dropbox, pause Dropbox 
syncing.\n" + 
      "Configure the macro using the following options:"); 
Dialog.addString("Experiment Name:", ""); 
Dialog.addNumber("Total # of Timepoints:", 10); 
Dialog.addNumber("Tiles per Well-Channel:", 5); 
Dialog.addNumber("Well-Channels per Well:", 3); 
Dialog.addString("Desired Timepoints (comma-separated; leave blank for all):", ""); 
Dialog.show(); 
 
// Get setup values. 
experimentName = Dialog.getString(); 
numTPs = Dialog.getNumber(); 
numTiles = Dialog.getNumber(); 
numWellChannels = Dialog.getNumber(); 
numTilesPerWell = numTiles * numWellChannels; // We'll use this later. 
rawDesiredTPs = Dialog.getString(); // We'll use this string in a moment... 
//normTypes = split(Dialog.getString(), "|"); 
 
// Figure out which timepoints we want. If the string is empty, we want them all. 
if (rawDesiredTPs == "") { 
 // Empty, so just make the array ourselves based on the number of TPs given. 
 desiredTPs = newArray(numTPs); 
 for (i = 1; i <= numTPs; i++) {  
  desiredTPs[i - 1] = i; 
 } 
} else { 
 // Not empty, parse the string and figure out the ones we want. 




 desiredTPs = newArray(); 
 for (i = 0; i < desiredTPStrings.length; i++) { 




print("Going to process these timepoints:"); 
Array.print(desiredTPs); 
 
// Ask for input and output directories. 
inDir = getDirectory("Choose directory containing .tif files"); 
outDir = getDirectory("Choose directory to save files to"); 
 
// Very important. 
setBatchMode(true); 
 
// Get files in original input directory. 
print("Sorting files into normalization directories..."); 
inputFiles = getFileList(inDir); 
// Loop over those files and sort them into folders based on normalization type. 
for (i = 0; i < inputFiles.length; i++) { 
 if (!File.isDirectory(inDir + inputFiles[i]) && endsWith(inputFiles[i], "TIF")) { 
// Figure out the normalization type. Our filenames look like  
// "[Some Name]_w#[Normalization Name]_s#_t#.tif", 
  // so we'll split by underscores and periods. 
  filenameParts = split(inputFiles[i], "_."); 
  Array.print(filenameParts); 
// substring starting at index 2 because we don't care about the "w#" part. 
normType = substring(filenameParts[1], 2);  
 
  // Make the normalization type directory, if necessary. 
  normTypeDir = inDir + File.separator + normType; 
  if (!File.exists(normTypeDir)) File.makeDirectory(normTypeDir); 
 
  // Move the file to that directory. 
  oldFilePath = inDir + inputFiles[i]; 
  newFilePath = normTypeDir + File.separator + inputFiles[i]; 
  print("Moving \"" + oldFilePath + "\" to \"" + newFilePath + "\"."); 
  // just assigning to a variable so the "1" doesn't print in the log. 




// Loop over the normalization directories and normalize each one; creating sub-directories for 





normDirs = getFileList(inDir); 
for (i = 0; i < normDirs.length; i++) { 
 if (File.isDirectory(inDir + normDirs[i])) normalizeAndDivideDirectory(normDirs[i]); 
} 
 
// Loop over the well-channel directories in each normalization directory and stitch the images  
// together for each timepoint, athen stack those timepoints. 
print("Stitching and stacking..."); 
for (i = 0; i < normDirs.length; i++) { 
 normDir = inDir + normDirs[i]; 
 // Skip if this isn't a normalization directory (it might be a file). 
 if (File.isDirectory(normDir)) { 
  print("Starting to stitch and stack in normalization dir \"" + normDir + "\"."); 
  wellChannelDirs = getFileList(normDir); 
  for (j = 0; j < wellChannelDirs.length; j++) { 
   wellChannelDir = normDir + wellChannelDirs[j]; 
   // Skip if this isn't a well channel directory (it might be a file). 
   if (File.isDirectory(wellChannelDir)) { 
print("Starting to stitch and stack in well-channel dir \"" + 
wellChannelDir + "\"."); 
    // Make sure we have clean names (i.e., no slashes). 
    normType = replace(normDirs[i], "/", ""); 
    wellChannel = replace(wellChannelDirs[j], "/", ""); 
 
    // Stitch and stack the images. 
stitchAndStackWellChannel(wellChannelDir, normType, 
wellChannel); 
    // Delete the well channel folder and everything in it, we don't need  
// it anymore. 
    deleteDir(wellChannelDir); 
   } 






// This function takes the name of a normalization type (which it uses to determine what type of  
// normalization to perform),and it normalizes all of the images within it. It then saves the  
// normalized images into well-channel sub-folders that can easily be passed to the stitching  
// function later on. 
function normalizeAndDivideDirectory(normDirName) { 
 normType = replace(normDirName, "/", "");  





print("Opening dark and normalization image to process directory \"" + normType + 
"\".");  
 // Get the path to the normalization image for this directory. 
 normImageName = getNormalizationImageName(normType); 
 // Open normalization images.  
 //***These directories are hard coded and will need to be changed*** 
  
 //***At MSL*** 
open("D:\\User data\\Rachael Kenney\\Olympus Normalization Images\\" + 
normImageName); 
 open("D:\\User data\\Rachael Kenney\\Olympus Normalization Images\\dark.tif"); 
  
 normDir = inDir + normDirName; 
 print("Current normalization directory is \"" + normDir + "\"."); 
 // Loop over the images in the normalization directory. 
 imagesToNorm = getFileList(normDir); 
 for (i = 0; i < imagesToNorm.length; i++) { 
  imageToNorm = normDir + imagesToNorm[i]; 
  print("About to normalize image \"" + imageToNorm + "\"."); 
  if (!File.isDirectory(normDir + imagesToNorm[i])) { 
// Get the tile number and the timepoint number from the image using the 
// same parsing method we used up above. 
   filenameParts = split(imagesToNorm[i], "_."); 
   print("Got these filename parts:"); 
   Array.print(filenameParts); 
   tileNum = parseInt(substring(filenameParts[2], 1));  
// Need the substring because we don't want the "s" on the front. 
   tileNum = tileNum - 1;  
// We need this to be 0-based instead of 1-based for our divide logic to  
// work (see below). 
   tpNum = parseInt(substring(filenameParts[3], 1));  
// Same deal here, we don't want the "t" on the front. 
    
// If our data set happened to only have one timepoint, then the filename 
// doesn't have the "_t#" part before the "TIF", 
   // and so our tileNum will be parsed as NaN (not a number). If that  
// happens, we'll just set it to TP 1 ourselves. 
   if (isNaN(tpNum)) tpNum = 1; 
 
   print("Image's Original (0-based) s-Num: " + tileNum); 
   print("Image's Timepoint Num: " + tpNum); 
 
   // Skip if this isn't a desired timepoint. 
   if (arrayContains(desiredTPs, tpNum)) { 
    // First use the tile number to figure out what well number this is  




       // the number of tiles per well-channel times the number of well 
// channels per well. (And we add 1 since the "divide" 
       // will give us a 0-based number... e.g., 3/5 = 0, 7/5 = 1, etc; but we 
// want these to be 1-based.) 
    // We do it this way instead of division because we need whole  
// numbers, and division doesn't give us whole numbers. 
   wellNum = 1; 
while (!(tileNum >= (numTilesPerWell * (wellNum - 1)) && tileNum < 
(numTilesPerWell * wellNum))) {wellNum++; 
   } 
 
       // Next we see if the tile number is greater than or equal to the number of  
// tiles per well. If it is we want to 
   // subtract some multiple of numTilesPerWell from it before moving on. 
   if (tileNum >= numTilesPerWell) { 
multiple = wellNum - 1;  
// Multiple to use is 1 less than the well number. 
        tileNum = tileNum - (multiple * numTilesPerWell); 
   } 
 
   // So now our tile number is less than the number of tiles per well, so we  
// can use a similar formula as the one we used to get the well number to 
// get the well-channel number. (And again, use this workaround.) 
   wellChannelNum = 1; 
   while(!(tileNum >= (numTiles * (wellChannelNum - 1)) && tileNum <  
(numTiles * wellChannelNum))) { 
        wellChannelNum++; 
   } 
 
   // Finally, we want to make the tileNum be relative to a single well- 
// channel's tile number, so we do something 
   // similar to subtract from it if it's greater than or equal to the total number  
// of tiles per channel. 
   if (tileNum >= numTiles) { 
        multiple = wellChannelNum - 1; 
        tileNum = tileNum - (multiple * numTiles); 
   } 
   tileNum++; // Make this a 1-based number again. 
 
   // Open and normalize the image. 
   print("Normalizing \"" + imagesToNorm[i] + "\"."); 
   open(normDir + imagesToNorm[i]); 
title = getTitle(); 
   run("16-bit"); 
   imageCalculator("Subtract create 32-bit", title, "dark.tif"); 




   titleDark = getTitle(); 
   imageCalculator("Divide create 32-bit", titleDark, normImageName); 
   close(titleDark); 
 
   // Save the normalized image to a well-channel folder with a filename like  
// "[Experiment Name]_[Norm Type]_Well_#-#_Tile_#_TP_#". 
   wellChannelName = "Well_" + wellNum + "-" + wellChannelNum; 
imageName = experimentName + "_" + normType + "_" + 
wellChannelName + "_Tile_" + tileNum + "_TP_" + tpNum + ".tif"; 
 
   // Make sure the well channel directory exists. 
wellChannelDir = normDir + File.separator + wellChannelName + 
File.separator; 
   if (!File.exists(wellChannelDir)) File.makeDirectory(wellChannelDir); 
 
   // Save the normalized file. 
print("Saving normalized image \"" + imageName + "\" to \"" + 
wellChannelDir + "\"."); 
   savePath = wellChannelDir + imageName; 
   saveAs("Tiff", savePath); 
   close(getTitle()); 
   } 
  } 
 } 
 




 // Prep fiji for next operation by closing open windows and clearing out cache. 
 print("Closing open files..."); 
 run("Close All"); 
 print("Collecting Garbage..."); 
 run("Collect Garbage"); 
} 
 
// This function takes the name of a normalization directory, and returns the path to the  
// normalization image that needs to be used to normalize the files within. If it doesn't recognize  
// the normalization type, it will exit the macro. 
function getNormalizationImageName(normType) { 
 if (indexOf("Sedat Red", normType) != -1) { 
  return "mcherry Normalization.tif"; 
 } else if (indexOf("BF-Phase", normType) != -1) { 
  return "Transmitted Light Normalization.tif"; 
 } else if (indexOf("Sedat FITC", normType) != -1) { 




 } else if (indexOf("Sedat DPA", normType) != -1) { 
  return "DPA Normalization.tif"; 
 } else { 





// This function takes the name of a well-channel directory, it stitches together the tiles for each  
// desired timepoint, then it stacks together all of the desired stitched timepoint images into an  
// output image. 
function stitchAndStackWellChannel(wellChannelDir, normType, wellChannel) { 
 // Make sure the directory to save stitched files to exists. 
 stitchedDir = wellChannelDir + File.separator + "Stitched" + File.separator; 
 if (!File.exists(stitchedDir)) File.makeDirectory(stitchedDir); 
 
 // Stitch images for desired timepoints. 
 for (i = 0; i < desiredTPs.length; i++) { 
  // Make the filename template to use for the stitching plugin. 
fileNameTemplate = experimentName + "_" + normType + "_" + wellChannel + 
"_Tile_{i}_TP_" + desiredTPs[i] + ".tif"; 
   
  //This runs the Grid/Collection stitching plugin. The weird space after Right &  
// Down is supposed to be there... 
run("Grid/Collection stitching", "type=[Grid: row-by-row] order=[Right & Down                
] " +  
"grid_size_x=" + numTiles + " grid_size_y=1 tile_overlap=10 
first_file_index_i=1 directory=[" + wellChannelDir + "] " +  
"file_names=[" + fileNameTemplate + "] output_textfile_name=test1 
fusion_method=[Linear Blending] regression_threshold=0.30 " + 
"max/avg_displacement_threshold=2.50 absolute_displacement_threshold=3.50 
ignore_z_stage " + "computation_parameters=[Save computation time (but use 
more RAM)] image_output=[Fuse and display]"); 
 
  // Save to "Stitched" directory. 
outName = experimentName + "_" + normType + "_" + wellChannel + "_TP_" + 
desiredTPs[i] + ".tif"; 
  saveAs("Tiff", stitchedDir + outName); 
 
  // Prep fiji for next operation by closing open windows and clearing out cache. 
  print("Closing open files..."); 
  run("Close All"); 
  print("Collecting Garbage..."); 






 print("Stacking and saving images..."); 
 // Loop over stitched files for desired TPs, open them in order. 
 for (i = 0; i < desiredTPs.length; i++) { 
stitchedFileName = experimentName + "_" + normType + "_" + wellChannel + 
"_TP_" + desiredTPs[i] + ".tif"; 
  open(stitchedDir + stitchedFileName); 
 } 
 
 // Now stack them up. 
 outName = experimentName + "_" + normType + "_" + wellChannel; 
 // Only try to stack if we opened more than one image. 
 if (nImages > 1) run("Images to Stack", "name=[" + outName + "] title=[] use"); 
 // And save the stack to the output directory. 
 saveAs("Tiff", outDir + File.separator + outName + ".tif"); 
 
 // Prep fiji for next operation by closing open windows and clearing out cache. 
 print("Closing open files..."); 
 run("Close All"); 
 print("Collecting Garbage..."); 
 run("Collect Garbage"); 
} 
 
// Helper function to delete a directory; will recursively delete all contents if it isn't empty. 
function deleteDir(dirPath) { 
 files = getFileList(dirPath); 
 for (i = 0; i < files.length; i++) { 
  path = dirPath + files[i]; 
  if (File.isDirectory(path)) deleteDir(path); 
  ignored = File.delete(path); 
 } 
 if (File.exists(dirPath)) ignored = File.delete(dirPath); 
} 
 
function arrayContains(arr, val) { 
 for (i = 0; i < arr.length; i++) { 
  if (arr[i] == val) return true; 
 } 







APPENDIX I: FIJI MACRO 2 FOR CHAPTER 5 
// This macro allows the user to straighten and average across the channel  
// culture to generate plot profiles of each fluorescence image to Excel. 
// These can be further processed in Excel to form profiles. 










//// Define the following global variables. 
// 
// These are the names of the fluorescence cubes whose images we want data for 
fcNames = newArray("Sedat FITC", "Sedat DPA", "Sedat Red"); 
// We use these values to help draw the ROI on the straightened images 
boxHeight = 500; 
boxWidth = 5100; 
// How far to displace the ROI in the y-direction relative to the original y-value 
// of the line's left point. 
yDisplacement = 400;  
 
////////////////////////////////////////////////////////////////////////////////////////////////////// 
//// Preparation steps. 
// 1) Have the user choose the folder with the images to process. 
// 2) Make folder for the Excel output files inside of the input folder. 
// 3) Parse the experiment name from an image in the input folder. 
// 
inDir = getDirectory("Choose directory to process."); 
resultsDir = inDir + File.separator + "Results"; 
if (!File.exists(resultsDir)) File.makeDirectory(resultsDir); 
experimentName = getExperimentName(); 
 
////////////////////////////////////////////////////////////////////////////////////////////////////// 
//// Rotation and Data Collection. 
// The macro will loop over all of the channels in all of the holders, and: 
// 1) Create and open a new Excel file to write this channel's results to. 
// 2) Open the channel image. 
// 3) Ask the user to draw a line along the top edge of the channel. 




// 5) Draw a rectangular ROI based on the location of the line. 
// 6) Collect the plot profile data for each slice in the image stack 
// (each slice represents a single timepoint). 
// 7) Queue the data to be written to the results file. 
// 8) Close the image (without saving it). 
// 9) Repeat 3-7 for the other images taken of the same channel using 
// the other fluorescence cubes (the line doesn't have to be drawn  
// again until the next channel is processed). 
// 10) Write out the queued results data to the Excel file, and close it. 
// 
holderNum = 1; 
while (holderNum <= 6) { 
 // For this holder... 
 channelNum = 1; 
 while (channelNum <=3) { 
  // For this channel... 
 
  // Figure out the path to the results file we'll use for this channel. 
  resultsFilePath = resultsDir + File.separator + experimentName + "_Holder_" +  
   holderNum + "-" + channelNum + ".xlsx"; 
  // If the file already exists, remove it first. 
  if (File.exists(resultsFilePath)) ignored = File.delete(resultsFilePath); 
 
  // Have the "Read and Write Excel" plugin create and open a new results 
  // file for us. It will stay open until we close it, and we'll queue 
  // writes to it. This prevents having to reopen it multiple times, which 
  // gets increasingly slower the more timepoints we have. 
  run("Read and Write Excel", "file_mode=read_and_open file=[" + 
   resultsFilePath + "]"); 
 
  // Figure out the sheet name to put results for this channel in in the spreadsheet. 
  sheetName = "Channel " + channelNum; 
   
  // We'll store the line coordinates for this channel here. 
  // The user will have to draw it the first time. 
  lx = -1; 
  ly = -1; 
  rx = -1; 
  ry = -1; 
   
  // Loop over fluorescence cube names... 
  for (i = 0; i < fcNames.length; i++) { 
   // Build the name of the image we want to open. 
   imageName = experimentName + "_" + fcNames[i] + "_Well_" + 
holderNum +  




   imagePath = inDir + File.separator + imageName; 
    
   if (File.exists(imagePath)) { 
    // Open the image. 
    open(imagePath); 
    imageTitle = getTitle(); 
 
    // Rotate image 
    // 1) Check to see if we already have line coordinates stored. 
    // 2) If we don't, prompt user to draw a line selection under the top 
    // channel length markers. If we do, we draw it ourselves. 
    // 3) Use this line selection to rotate the image. 
    if (lx == -1) { 
     // We don't already have line coordinates for this channel,  
     // so the user needs to draw one. Note that we expect the  
     // user to draw the line from left to right. 
     waitForUser("Draw line selection", "Draw line under the "  
      + "top-most channel markers to correct for image "  
      + "rotation:\nOnce done, click 'OK'"); 
     getLine(lx, ly, rx, ry, w); 
    } 
 
    // Calculate angle and rotate image. 
    dx = rx - lx; 
    dy = ry - ly; 
    angle = tan(dy/dx); 
    radAngle = -angle * (180 / PI); 
 
    if (nSlices > 1) run("Rotate...", "angle=" + radAngle +  
     " grid=1 interpolation=Bilinear stack"); 
    else run("Rotate...", "angle=" + radAngle +  
     " grid=1 interpolation=Bilinear"); 
 
    // Draw ROI based on where the line was drawn. 
    makeRectangle(lx, (ly + yDisplacement), boxWidth, boxHeight); 
 
    // Get the data for each slice. 
    for (slice = 1; slice <= nSlices; slice++) { 
     selectWindow(imageTitle); 
     setSlice(slice); 
 
     // Get the plot profile. The returned array contains the y-  
     // values of a plot profile at each index. 
     profile = getProfile(); 
 




     // what the Excel plugin reads from.) 
     for (j = 0; j < profile.length; j++) { 
      setResult("X", j, j); 
      setResult("Y Avg", j, profile[j]); 
     } 
 
     // Run the "Read and Write Excel" plugin to queue a write  
     // of the results table data to a specified sheet in the Excel  
     // file that we have open. We specify the label that to put  
     // above the dataset columns (and we specify that we don't  
     // want the plugin to add a "Count" column for us, since we  
// have the X column). 
     datasetLabel = fcNames[i] + " " + slice; 
     run("Read and Write Excel", "no_count_column " +  
      "file_mode=queue_write sheet=[" + sheetName +  
      "] dataset_label=[" + datasetLabel + "]"); 
 
     // Now clear the results. 
     run("Clear Results"); 
    } 
 
    // Close the image. 
    close(); 
    run("Collect Garbage"); 
   } 
  } 
  // Write out and close the results file for this channel. 
  // This might take a moment for datasets with many timepoints. 
  run("Read and Write Excel", "file_mode=write_and_close"); 
 
  // Increment channel number. 
  channelNum++; 
 } 






// After the macro finishes, the output folder will contain one Excel file per holder, 
// each Excel file will contain one page per channel in that holder, and each page will 









//// Helper Function: Parse the experiment name from an image filename. 
// 
function getExperimentName() { 
 inFiles = getFileList(inDir); 
 for (i = 0; i < inFiles.length; i++) { 
  currFile = inDir + inFiles[i]; 
  if (!File.isDirectory(currFile)) { 
   filenameParts = split(inFiles[i], "_."); 
   return filenameParts[0]; 
  } 
 } 
} 
 
